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ORBITAL  ENERGY  DIFFERENCES  AND  CHEMICAL  BONDING 

IN  RARE  EARTHS 


Chr.  Klixbiill  Jorgensen 


Cyanamid  European  Research  Institute, 
Cologny  (Geneva),  Switzerland 


ABSTRACT 

The  absorption  spectra  of  lanthanide  compounds  show  three  types 
of  transitions:  internal  transitions  in  the  4f^  configuration,  where  the 
very  small  shifts  induced  by  the  ligands  (the  nephelauxetic  effect)  al¬ 
low  conclusions  on  weak  covalent  bonding;  transitions  4f  —  5a  produc¬ 
ing  broader  and  more  intense  absorption  bands;  and  electron  transfer 
bands  X—  4f  strongly  dependent  on  the  reducing  character  of  the  li¬ 
gands.  A  common  theory  for  the  variation  with  the  number  q  of  4f 
electrons  of  the  two  latter  categories  explains  why  the  wavenumbers 
are  particularly  low  for  q  =  8  and  q  =  6,  respectively.  The  behaviour 
of  metallic  alloys  is  discussed,  and  parenthetical  remarks  made  about 
the  5f  elements.  The  reluctance  of  lanthanides  to  change  their  oxi¬ 
dation  state  is  connected  with  the  very  large  effect  of  repulsion  be¬ 
tween  4f  electrons. 


Recent  theoretical  interpretation  of  rare  earth  absorption  and 
luminescence  spectra  can  be  used  in  two  different  ways:  for  the  spec- 
troscopist,  it  is  a  most  fascinating  case  of  pseudo-atomic  spectroscopy 
and  an  example  of  how  to  apply  group  theory;  for  the  chemist,  it  is 
possible  to  draw  conclusions  about  the  extent  of  covalent  bonding  and 
to  understand  the  conditions  for  formation  of  metallic  or  nonmetallic 
compounds.  Here,  I  am  concentrating  on  the  second  aspect,  because 
much  chemical  speculation  can  be  clarified  by  comparison  with  the 
newly  established  experiment  facts. 

The  broad  absorption  bands  are  the  main  subject  of  the  rest  of 
the  paper;  their  wavenumbers  are  rather  dependent  on  the  neighbor 
atoms,  the  ligands,  and  their  width  is  caused  by  the  Franck-Condon 
principle  acting  on  different  electron  configurations  where  the  inter- 
nuclear  distances  at  equilibrium  would  be  different,  and  usually  larger 
than  in  the  ground  configuration  4f^.  On  the  other  hand,  the  narrow 
line  groups  caused  by  transitions  to  excited  J-levels  belonging  to  4f  1 
as  well  do  not  shift  much  when  the  ligands  are  varied.  Many  authors 
have  collaborated  the  last  twelve  years  in  identifying  a  large  number 
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of  such  levels.  *  The  most  frequent  attempts  to  describe  the  fine- 
structure  of  each  J-level  are  based  on  the  electrostatic  model  of  the 
ligand  field;  however,  a  closer  analysis  shows  that  the  only  condition 
for  the  apparent  success  of  ligand  field  theory  is  the  consistent  occur¬ 
rence  of  seven  slightly  different  (to  the  extent  of  some  hundred  cm  ) 
one-electron  energies  of  the  partly  filled  f  shell.  Actually,  it  is  pos¬ 
sible  to  predict  these  small  energy  differences  by  a  theory  of  weak 
cr  -anti-bonding  effects  involving  fewer  parameters  than  the  conventional 
electrostatic  model  and  being  physically  far  more  plausible.  'It 
would  be  highly  desirable  to  extend  this  description  in  terms  of  cr -anti- 
bonding  effect^  to  other  chromophores  MX*-  of  known  symmetry,  such 
as  the  Co  “Site3  in  the  G-type  oxide  M2O3.  Another  quantitative  argu¬ 
ment  for  the  presence  of  weak  covalent  bonding  is  the  nephelauxetic 
effect  first  observed  by  Ephraim  in  1926  that  the  inter  electronic 
repulsion  parameters  separating  the  J-levels  are  roughly  one  percent 
smaller  in  relatively  covalent  compounds,  such  as  anhydrous  chlorides, 
bromides,  iodides  or  complexes  of  organic  ligands,  compared  to  the 
aqua  ions  (in  solution  or  hydrated  salts)  and  the  fluorides.  In  order 
to  separate  this  minute  effect  d  0  it  is  necessary^  to  write  for  the 
wavenumber  of  the  baricenter  of  each  J-level: 


°  compound  CT  aqua 


=  d  CT  -  (d  £  )  ct 


aqua 


where  it  is  assumed  that  the  J-level  energy  differences  all  are  de¬ 
creased  by  the  same  perce£^.ge  d  0 relative  to  the  aqua  ion  (the  cor¬ 
responding  gaseous  ions  M  are,  unfortunately,  not  known;  they 
probably  have  d  j9  about  -  0.  01)  and  d  cr  represents  the  "ligand  field" 
stabilization  of  the  lowest  sub-level  of  the  compound,  relative  to  the 
lowest  sub-level  of  the  aqua  ion.  The  parameters  of  inter  electronic 
repulsion  definitely  decrease  when  the  4f  shell  expands  (because  of 
lower  effective  charge  of  the  central  ion)  or  participates  in  anti-bonding 
molecular  orbitals.  However,  we  realize  that  the  Hartree-Fock  4f 
radial  functions®  predict  values  of  these  parameters  roughly  50%  lar¬ 
ger  than  the  observed  ones.  This  may  be  explained  by  special  dif¬ 
ficulties  for  the  one-electron  description*.  It  is  satisfactory  that 
neutron  diffraction  experiments  on  erbium(III)  compounds  indicate  a 
4f  radial  functi^p  nearly  coincident  with  the  Hartree-Fock  calculation 
for  isolated  Er '  "h  It  is  surprising  that  oxides’?*  9  show  a  very  pro  - 
nounced  nephelauxetic  effect,  d  j9  frequently  being  between  0.04  and 
0.02,  and  nearly  as  large  as  the  relatively  very  covalent  sulfides*® 
and  cyclopentadienides.  *  *  One  reason  may  be  anomalously  short 
M-0  distances,  because  it  is  known  from  high-pressure  experiments*2 
that  the  nephelauxetic  effect  increases  under  such  circumstances. 
Another  reason  may  be  the  variable  diagonal  element  of  ionization 
energy  of  the  oxide  ligand,  which  is  very  strongly  dependent  on  the 
Madelung  energy  of  the  solid.  A  last  phenomenon  regarding  internal 
4JP  transitions  to  be  mentioned  is  the  strong  variation  of  the  intensi'ty 
of  absorption  bands  corresponding  to  transitions  J  J-2  (  and  inso¬ 
far  Russ  ell- Saunders  coupling  obtains,  L  —  L  -  2~and  S  invariant). 

These  are  called  hypersensitive  pseudo-quadrupole  transitions  because 
of  the  quadrupole-like  selection  rules..*® 
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The  4f  — *•  5d  transitions  in  lanthanide  compounds  are  not  the  only 
case  known  of  approximate  nl  — -  n 4  transitions  in  chemistry;  5f  —  6d, 
5s  —  5p  and  6s  —  6p  transitions  are  also  known;  and  the  ionic  halides 
show  even,  to  a  certain  approximation,  strong(np)  — ►  (n+1  s)  absorption 
bands.  In  X-ray  absorption  and  emission  spectra,  the  phenomenon  is 
very  frequent.  However,  the  4f  -*■  5d  transitions  are  interesting  by 
having  so  relatively  low  wavenumbers.  They  are  the  lowest  in  divalent 
lanthanides  such  as  Srn(H),  Eu(H)  and  Yb(H)‘4,  12  and  have  been  iden¬ 
tified  by  McClure  and  Kiss  *  6  in  all  divalent  lanthanides  in  dilute  solu¬ 
tion  in  solid  CaF£.  In  trivalent  aqua  ions,  Ce(HI)  and  Tb(HI)  show 
these  transitions  within  the  easily  accessible  wavenumber  range  below 
50000  cm-1,  and  Pr(IH)  just  on  the  limit.  17,  IB 

It  is  possible  to  construct  a  theory  for  the  characteristic 
variation  of  both  4f  — 1 -  5d  and  electron  transfer  (filled  M.  O.  concen- 
trated  on  the  ligand)  -*•  4f  transitions.  Previously,  the  electron  trans¬ 
fer  bands  were  not  known  of  lanthanide  complexes,  though,  according 
to  private  communication  from  Professor  K.  W.  Sykes,  Dr.  A.  G. 
Davies  observed  such  bands  in  1957.  The  experimental  difficulty  is 
that  most  ligands,  which  are  sufficiently  strongly  reducing  to  produce 
electron  transfer  bands  in  lanthanide  complexes,  are  either  coloured 
because  of  internal  transitions  in  the  ligands  or  do  not  displace  water 
from  the  aqua  ions.  Bromides  in  nearly  anhydrous  ethanol  and 
dialkyldithiocarbamates  extracted  in  dichloroethane  shew  such  bands, 
which  are  very  broad  and  relatively  weak.  ^  Their  wavenumbers 
vary  in  a  characteristic  way  with  the  central  ion 

Eu(IH)  <  Yb(IXI)  <  Sm(III)  <  Tm(IH)  <  .  .  .  .  (2) 

similar  to  the  chemical  tendency  to  be  reduced  to  M(H).  Actually,  the 
aqua  ions  19  of  Eu(HI)  show  an  electron  transfer  band  at  53200  cm”  * 
and  of  Yb(IH)  about  59000  cm’l  Barnes  and  Day2®*  21  studied  a  vari¬ 
ety  of  anions  bound  to  lanthanides  and  found  remarkably  low  wavenum¬ 
bers  of  the  sulfate  complexes:  EuSC>4+  41700,  YbS04+  44500  and 
SmSC>4+  48100  cm"1.  Normally,  S04~~  is  not  considered  to  be  parti¬ 
cularly  reducing,  but  it  is  known22  to  undergo  photochemical  oxidation 
to  SC>4“  above  55000  cm"1.  Another  interesting  phenomenon  is  the  re¬ 
latively  low  wavenumbers  of  the  electron  transfer  bands  of  ethanol 
solvates(Eu(IH)  44100  cm"*)  though  it  is  not  easy  to  make  a  distinction 
from  the  effects  of  possibly  coordinated  C1C>4~.  In  gaseous  state, 
C2H5OH  has  the  ionization  energy22  16000  cm"1  below  that  of  H2O. 
Hartmann2^  made  similar  comments  on  the  electron  transfer  spectra 
of  VCI3  in  alcohols,  though  here,  it  is  difficult  to  avoid  interference 
with  chloride  complexes.  It  is  possible  to  rationalize  the  positions  of 
electron  transfer  bands  in  all  five  transition  groups  by  means  of  the 
concept1  of  optical  electronegativities,  xnpt_.  If  corrected  for  spin¬ 
pairing  energy,  the  values  of  xCp£  vary  linearly  in  a  given  transition 
group  with  a  given  oxidation  number22*  22  as  function  of  increasing 
number  q.  The  spinpairing  energy  (due  to  differences  in  inter- 
electronic  repulsion)  for  the  average  of  all  terms  with  the  same  S  is: 
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£[-§  q0  -^rr>m+1> ]  <3' 

where  the  parameter  D  is  proportional  to  the  average  value  of  the 
reciprocal  radius  <  r“*  >  of  the  partly  filled  shell.  Eq.  (3)  expresses 
the  stability  of  half-filled  shells  and  hence,  it  explains  the  particularly 
low  wavenumbers  of  the  4f-*  5d  transitions  in  4f°  systepis  such  as 
Tb(IXI)  and  of  X  —  4f  electron  transfer  transitions  in  4P  systems  such 
as  Eu(III),  whereas  the  wavenumbers  are  particularly  high  both  of 
4f  5d  and  X—  4f  transitions  in  4f^  systems  such  as  Gd(III).  If  the 
spin-pairing  energy(3)  was  the  only  effect  superposed  a  linear,  gradual 
stabilization  of  the  4f  orbitals  as  function  of  increasing  q,  the  energy 
differences  would  fall  on  two  straight  lines  making  a  jump  8D  at  the 
half-filled  shell.  However,  there  occur  a  few  other,  less  important, 
effects  which  can  be  treated  by  Racah's  theory^?  of  inter -electronic 
repulsion  in  the  configurations  f^  and  by  a  first-order  relativistic 
treatment  in  terms  of  Lands’* s  parameter  £n£.  The  actual  variation 
of  the  wavenumbers  of  the  lowest  X-*-  4f  transition  is  expected  to  be 
(changing  from  the  ground  configuration  4f^  to  4£<1+^): 

W  -  q(E-A)  +  kjD  +  ^E3  +  k3  £  £  (4) 

and  the  variation  of  the  lowest  4f^  4f*  5d  transition: 

W2  (q-1)  (E-A)2  +  k4D+  k5E.3  +  k6  Cn£  (5) 


where  Table  1  gives  the  coefficients  k^.  The  wavenumbers  W  and  W2 
are  just  standards  of  reference  for  comparison  within  a  given  series/ 
where  only  q  is  varied.  The  symbols  (E-A)  and(E-A)2  indicate  that 
the  gradually  increasing  stabilization  of  the  4f  orbital  energy  can  be 
written  as  the  difference  between  the  increase  E  of  the  core  attraction 
and  the  increase  A(of  the  type  F^  )  of  interelectronic  repulsion  in  the 
4f  shell.  One  of  the  reasons  wKy  (E-A)  and  (E-A)2  are  different  is  that 
we  neglect  the  repulsion  between  4f  and  5d  electrons;  McClure  and 
Kiss  L6)  have  given  explicit  expressions  for  this  interaction.  It  is 
worth  noting  that  the  spin-pairing  parameter  D  is  equivalent  to  Racah’s 


f  ^E_  J  and  that  El  ~  14.7  and  E  ~1.48  F_  in  terms  of  the  Slater- 
Condon-Shortley  parameter  Fj?  used  By  many  aumors.  Though  eqs.  (4) 
and  (5)  seem  to  involve  many  parameters,  the  great  advantage  is  that 
D  (or  jE*),  E^  and  &£  already  are  well  determined  from  the  iixternal 
transitions Tn  the  4t  shell.  However,  the  values  of  (E-A),  (E-A)?  and 
D  given  in  Table  2  cannot  usually  be  taken  seriously  better  than  ±  10%. 
Since  D  is  strongly  fixed  by  comparison  with  the  known  values  for  the 
internal  4f  transitions,  the  wavenumbers  of  which  do  not  vary  much 
with  the  ligands,  it  has  been  estimated  and  is  given  in  brackets  in 
Table  2  when  only  two  data  were  available,  or  when  three  observations 
gave  unreasonable  values  of  D  by  the  strict  application  of  three  equations 
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with  three  unknown  parameters.  Table  3  gives  the  numerical  values 
of  E^  and  £nf . 

The  hexahalides  of  trivalent  lanthanides  were  not  pre¬ 

viously  known,  but  Ryan^®  has  recently  studied  them  in  a  solvent  con¬ 
sisting  of  a  mixture  of  acetonitrile  and  succinonitrile.  The  onlyMX^"- 
known  is  CeCl^--,  and  hence,  only  W  can  be  given  in  Table  2.  It  may 
be  remembered  that  X“*  5f  and  5f  -*  6d  transitions  have  been  identified 
in  U(IV),  Np(  IV)  and  Pu(IV)  hexahalides^  and  that  the  5f  group  ele¬ 
ments  exhibit  an  evolution  of  the  optical  electronegativities  interme¬ 
diate  between  the  4f  and  the  three  d  groups.  ^3  Recently,  electron 
transfer  spectra  of  neptunium(IV)  aqua,  methanol,  sulfate  and  chloride 
complexes  have  been  further  studied.  34 

W  is  expected  to  be  a  linear  function  of  the  optical  electronega¬ 
tivity  x0pt  of  the  ligands,  and  actually,  it  has  approximately  the  form 


W  =  WQ  + 


(30000  cm 


‘>2opt 


where  Wq  =  -15000  cm  for  trivalent  lanthanides  and  Wq  “  -65000  cm'* 
for  quadrivalent  lanthanides.  This  is  a  much  larger  variation  with  the 
oxidation  number  than  in  the  d  groups^*5  where  Wq  only  decreases  some 
15000  cm“l  for  each  unit  of  increase  of  oxidation  number  (keeping  q 
and  the  ligands  constant).  In  the  compressed  hexahalides^®  MX^“^ 
with  unusually  short  M-X  distances,  Wq  seems  to  be  only  -  18000  cm"* 
I  may  warn  you  that  electron  transfer  spectra  of  lanthanides 
are  only  observable  under  rather  special,  conditions.  Impurities  of 
Fe(III)  or  less  frequently,  of  Ti(IV),  Cu(II),  Pt(IV)(from  crucibles) 
and  Pb(II)  may  imitate  the  broad  relatively  weak  bands.  The  lanthanides 
are  characterized  by  magnetic  moments,  which  in  nearly  all  cases 
correspond  to  an  integral  number  of  electrons  in  the  partly  filled  4f 
shell.  Hence,  it  is  possible  to  define  an  oxidation  state  even  in  metal- 
ic  alloys  (such  as  NdCdji  containing  Nd(IH)  but  UCd^j  containing 
U(IV)^b)  and  black,  low- energy-gap  semiconductors  where  the  inter¬ 
nal  4f- transitions  cannot  be  observed.  Professor  K.  A.  Jensen  has 
proposed  to  write  such  oxidation  states  derived  from  spectroscopic 
and  magnetic  measurements  with  sharp  brackets  M  [il]  and  M[HI]  in 
the  cases  where  they  would  be  different  from  the  Stock  nomenclature. 

It  is  now  well  known  that  even  the  metallic  elements  are  Eu[H]  and 
Yb  [II]  but  for  instance  Gd  [III]  and  Er  [ill  ]  in  this  sense.  The  situa¬ 
tion  is  entirely  different  in  the  d  transition  groups  where  antiferro¬ 


magnetic  interactions  can  be  extremely  strong  even  in  compounds  with 
normal  visible  absorption  spectra(e.  g.  of  many  oxides  and  halides). 
However,  many  low- energy-gap  semiconductor s^6  still  have  magnetic 
moments  corresponding  to  well-defined  S  which  is  not  usually  the  case 
for  metallic  compounds,  Goodenough^  proposed  a  criterion  for  lo¬ 
calized  magnetic  moments  occurring  when  the  closest  distance  between 
transition  group  atoms  is  larger  than  2.  5  times  the  average  radius  of 
the  partly  filled  shell. 
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In  this  connection,  it  is  very  interesting  that 
LaS,  CeS,  PrS,  NdS,  GdS,  TbS,  DyS,  HoS,  ErS  and  TmS  are  metals 
containing  roughly  one  conduction  electron  and  the  number  of  4f  elec¬ 
trons  corresponding  to  M[III]  whereas  SmS,  EuS  and  xt>S  are  non- 
metallic  M(II)  compounds.  38  The  parameters*^  given  in  Table  ?.  for 
MS  satisfy  the  condition  that  the  non-metallic  monosulfides  have  4f*4 
groundstates  and  that  th£  metals  would  have  had  413“  *5d  groundstates 
if  it  were  not  for  the  larger  average  radius  of  the  5d  shell  transforming 
itself  into  a  delocalized  conduction  band.  Metallicity  can  also  be  caused 
by  non-stoichiometric  composition;  a  very  interesting  case  is  the  me¬ 
tallic  Ce3_xS4  becoming  non-metallic  for  the  stoichiometric  value 
x=0.333  but  retaining  the  same  crystal  structure.  '  The  metallic 
transition  sometimes  can  be  extremely  sharp;  thus,  u  NdSe  and 
Ndi-xSmxSe  are  metallic  for  x  <  0.  11  but  is  distinctly  metallic  for 
x>0.  13.  The  diiodides  La^,  Ce^  and  Gd^  are  metallic  alloys  where¬ 
as  Nd^,  Sm^,  Eu^,  TmL,  and  Ybl2  are  strongly  coloured,  non-me¬ 
tallic  compounds,  and  Prl^  a  somewhat  uncertain  intermediate 
case.  41,42;  The  parameters  adapted  to  McClure  and  Kiss'  M(II)  in 
in  dilute  solution  in  fluorite^"  given  in  Table  2  predict  that  La(II), 

Ce(II),  Gd(II)  and  Tb(II)  have  4^4“ ^5d  goundstates  and  that  4f3  of  Pr(II) 
is  only  2000  cm'*  below  4f^5d  in  agreement  with  the  behaviour  of  the 
undiluted  MI2  (and  quite  different  from  the  gaseous  Pr++,  where  the 
lowest  energy  level  of  the  configuration  4f8  occurs  43,44  12850  cm-4 
below  the  lowest  level  of  4f^5d).  When  comparing  gaseous  ions  M*z 
and  compounds,  two  opposite  tendencies  act.  At  one  hand,  the  energy 
difference  between  4f  and  5d  tends  to  decrease  in  complexes4^  (this 
is  also  true  for  6s  — *•  6p  in  T1(I),  Pb(II),  Bi(III)}32  and  at  the  other 
hand,  the  relative  cr -anti -bonding  character^*  19  Qf  the  five  5d  orbitals 
is  rather  different  in  chromophores  MXjvj  of  various  symmetries,  and 
may  shift  the  position  of  the  first  4f  —  5d  absorption  band  some  10000  cm'1, 
The  mononitrides  MN  all  have  magnetic  moments4^  correspond¬ 
ing  to  M  [ill]  though  they  show  metallic  conductivity.  This  may  be 
caused  by  weak  deviations  from  stoichiometry,  or  by  "accidental  me¬ 
tallicity"  (occurring  e.  g.  in  Bi  or  C0S2  where  only  a  small  fraction  of 
an  electron  p  r  atom  is  involved  in  the  conduction8^).  There  is  optical 
evidence4?  that  the  stoichiometric  mononitrides,  at  least  DyN,  HoN 
and  ErN,  would  be  semiconductors  with  a  relatively  large  energy  gap. 
However,  MP  and  MAs,  which  also  crystallize  in  NaCl  lattice,  are 
genuinely  black.  It  is  interesting  to  note  that  many  chalcogenides 
MEX  are  black  with  metallic  brillance  and  has  a  very 
high  electric  conductivity,  but  for  x=l.  50  it  is  black  like  smoke  and 
only  semiconducting.  48  The  lanthanides  are  particularly  interesting 
by  showing  extreme  transition  group  properties.  The  dT  configurations 
show  intermediate  properties  with  respect  to  delocalization  of  the  part¬ 
ly  filled  shell  etc,  between  5f*4  and  the  pT  configurations  existing  in  a 
certain  3ense  in  complexes  of  Se(II),  Br(III),  Te(II),  I(IH)  and 
Xe(IV)(q=2)  and  1(1)  and  Xe(IX)(q=4).  One  may  go  as  far  as  to  say  that 
the  4f  shell  shows  internal  transitions  which  have  been  shifted  from 
the  X-ray  region  into  the  visible.  The  4f  electrons  have  enormously 
large  integrals  of  attraction  by  the  core  potential8  and  correspondingly 
small  average  distance  from  the  nucleus,  but  the  interelectronic  re¬ 
pulsion  between  the  4f  electrons  (of  the  F°  type)  is  so  large  as  to  cancel 
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the  attraction  nearly  completely  and  to  obtain  ionization  energies  com- 
P'rable  to  those  of  the  loosest  bound  electrons  (with  far  larger  <r  >  ) 
of  other  atoms.  However,  a  consequency  of  this  cancellation  is  that 
the  4f  ionization  energy  increases  unusually  rapidly  as  function  of  the 
ionic  charge  +  z.  This  explains  the  great  reluctance  of  the  lanthanides 
to  change  oxidation  number  to  the  highly  reducing  M(II)  or  the  highly 
oxidizing  M(IV).  Another  consequency  is  the  necessity  of  the  presence 
of  one  or  more  5d  and  6s  electrons  in  the  isolated  M°,  M+,  and  Gd*^  . 
Hence,  Ce(H),  Gd(II)  and  Tb(II)^  in  CaF2  are,  like  the  gaseous  mol¬ 
ecule^  TiO,  among  the  rare  examples  in  chemistry  of  the  simulta¬ 
neous  presence  of  two  partly  filled  shells.  This  situation  does  not 
appear  in  undiluted  compounds,  because  one  of  the  two  shells  de¬ 
localizes  to  a  conduction  band  in  all  known  cases.  There  is  no  con¬ 
tradiction^  between  the  presence  of  5f  electrons  in  Th+^,  Pa(IV), 

U(HI),  U(1V)„  .  .  .  and  the  higher  and  more  variable  oxidation  numbers 
compared  with  the  lanthanides.  The  quantitative  difference  is  caused 
by  the  cancelling  core  attraction  and  interelectronic  repulsion  just 
mentioned  and  can  be  expressed  empirically  by  the  values^  W2  ~  0  for 
M(IK)  aqua  ions,  W2  ~33000  cm"l  for  M(IV)  aqua  ions,  and  W~60000 
and  W2  ~  18000  cm  for  M(IV)  hexabromides.  22  Actually,  there 
is  no  necessary  connection  between  the  presence  of  f  electrons  and  a 
tendency  towards  the  oxidation  state  +  3.  There  is  very  little  positive 
evidence  for  any  measurable  influence  of  the  4f  electrons  on  the  chem¬ 
ical  bonding  in  lanthanide  complexes,  though  minute  effects  such  as  the 
"gadolinium  break"  may  perhaps  be  caused  by  the  weakly  pronounced 
(but  quite  verified)  M.  O.  formation  of  the  4f  shell.  An  alternative  con¬ 
tribution  may  be  the  5d  bonding  possibly  being  influenced  by  the  half- 
filled.  shell  effects  discussed  here.  However,  we  remember  that  the 
mechanism  of  the  invariant  oxidation  number  of  elements  such  as 
beryllium  or  aluminum  is  different  from  that  of  hoimium:  Be(H)  and 
Al(IH)  would  loose  electrons  from  a  very  strongly  bound  inner  shell, 
if  oxidized,  and  gain  electrons  in  an  external  shell  of  weak  electron 
affinity  if  reduced.  The  lanthanides  loose  or  gain  4f  electrons;  but  the 
ionization  energy  is  much  larger  than  the  electron  affinity  because  of 
the  small  average  radius  of  the  partly  filled  4f  shell  and  the  concomi¬ 
tant  huge  effects  of  interelectronic  repulsion.  A  closer  analysis  shows 
that  this  is  also  the  fundamental  reason  for  the  tendency  towards  local¬ 
ized  4f  shells  in  metallic  materials.  Table  4  gives  a  numerical,  qual¬ 
itative  model  of  the  differences  between  4f  and  3d  elements;  the  concept 
of  ionization  energy  of  chemical  species  is  discussed  p.  236  of  ref.  52. 
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Table  2.  The  parameters  of  eqs.  (4)  and  (5)  for  different  environments 
of  lanthanides  M(H),  M(IU)  and  M(IV). 


++ 

gaseous  M 

W 

w2 

= 

8000 

(E-A)2  = 

3600 

[  D=5500] 

ref. 

17,  28 

,  ,+3 

gaseous  M 

W 

w2 

= 

50000 

(E-A)2  = 

5000 

[  D=6700] 

ref. 

17,  28 

M(II)  in  CaF2 

W 

W2 

= 

-17000 

(E-A)2  = 

3800 

D=5200 

ref. 

29 

MS  solid 

W 

w2 

= 

-25000 

(E-A)2  = 

3000 

[  D=5200] 

ref. 

29 

M(H2o)9+3 

W 

= 

90000 

(E-A)  = 

2800 

[ D=6500] 

ref. 

19 

w 

2 

- 

33000 

(E-A),  = 

5000 

D=6500 

solid 

W 

= 

75000 

(E-A)  = 

3000 

D=6500 

ref. 

9 

w 
™  2 

s 

21000 

(e-a)2  = 

3800 

D=5200 

MSO^+  in  water 

W 

- 

80000 

(E-A)  = 

3000 

[  D=6500] 

ref. 

20 

MCl+‘  in  ethanol 

W 

ss 

78000 

(E-A)  = 

3150 

D=700Q 

ref. 

20 

~3 

MCl^  in  nitriles 

W 

= 

74000 

(E-A)  = 

3200 

[  D=6500] 

ref. 

30 

++ 

MBr  in  ethanol 

W 

- 

70000 

(E-A)  = 

3000 

D=6500 

ref. 

17 

w 

w2 

= 

31000 

(E-A)2  = 

4700 

D=6200 

-3 

MBr^  in  nitriles 

W 

= 

66000 

(E-A)  * 

3100 

[  D=6500] 

ref. 

30 

mci6- 

W 

- 

25000 

- 

- 

ref. 

30 

Cs~MF7  solid 

W 

s 

54000 

(E-A)  = 

5600 

[  D=7800] 

ref. 

31 

13 


3  - 1 

Table  3.  The  parameters  E  and  £  ,  in  cm.  determined  from  internal 
transitions  in  the  partly  fined  f  shell.  The  slightly  less 
certain  values  for  5£  elements  in  the  oxidation  states  M(III) 
and  M(IV)  have  recently  been  estimated  by  comparative 
studies. 


4fq,q 

3 

TD  4+ 

Pr 

E3 

410 

«nf 

650 

5fq, 

3 

q  s 

U(III) 

E3 

290 

«nf 

1670 

6 

Sm(H) 

480 

1050 

4 

Np(m) 

330 

2070 

13 

Tm(II) 

- 

2510 

5 

Pu(IH) 

350 

2290 

2 

Pr(HI) 

460 

730 

6 

Am(IH) 

380 

2550 

3 

Nd(III) 

490 

880 

7 

Cm(ni) 

410 

2950 

4 

Pm(III) 

520 

1030 

2 

U(IV) 

300 

1370 

5 

Sm(in) 

550 

1180 

3 

Np(IV) 

330 

2190 

6 

Eu(III) 

~600 

1360 

4 

Pu(IV) 

360 

2430 

7 

Gd(HI) 

~6Q0 

1540 

5 

Am(IV) 

410 

2820 

8 

Tb(in) 

~600 

1720 

6 

Cm  (IV) 

450 

3040 

9 

Dy(in) 

~600 

1920 

10 

Ho(in) 

620 

2080 

11 

Er(HI) 

640 

2380 

• 

12 

Tm(UI) 

670 

2620 

13 

Yb(ni) 

2950 

14 


Table  4.  The  spectroscopic  ionization  energies  In+i,  the  sum  of 

Madelung-like  and  chemical  bonding  terms  and  the  re¬ 

sulting  chemical  ionization  energies  Cn+x  =  1^+1  -  Ey;,  all 
in  eV.  A  chemical  species  is  only  stable  if  C„.  j  is  larger 
than  3  eV,  and  if  the  corresponding  electron  affinity  Cn  is 
smaller  than  9  eV.  The  example  is  purely  qualitative,  sug¬ 
gesting  why  M(XII)  and  M(IV)  exist  for  a  typical  3d 

element,  and  only  M(III)  of  a  typical  4f  element. 


3dq 

^n+1 

em 

Cn+1 

4fq 

em 

Cn« 

M  —  M+ 

6 

5 

1 

- 

4 

- 

.  +2 

M.4— -  M 

18 

15 

3 

4 

12 

-8 

M+2-  M+3 

30 

25 

5 

22 

20 

+  2 

M+3-  M+4 

42 

35 

7 

40 

28 

12 

M+4-  M+5 

54 

45 

9 

58 

36 

22 
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Abstract 

New  results  covering  the  following  fields  are  presented: 
The  term  3+  -5+ 

rschemes  of  Nd^  and  Tb^  ionShave  been  investigated  up  to 
4o  000  cm  ;  the  absorption  spectrum  of  the  F^2  fj/2 
transition  in  unhydrous  CeCl^  has  been  analyzed.  An 
extensive  study  of  magnetically  ordered  compounds  has 
been  undertaken  (GdCl^,  DyAIG,  ErIG,  DylG,  HoIG);  the 
internal  fields  for  these  compounds  have  been  obtained 
in  the  ordered  state.  In  La(Er)Cl^  an  example  for  the 
correlation  of  linewidth  of  fluorescence  lines  and  the 
ORBACK  coefficient  is  given. 

Introduction. 

The  main  fields  in  our  present  spectroscopic  investiga¬ 
tions  of  rare  earth  compounds  are:  The  completion  of 
the  level  schemes  of  the  trivalent  rare  earth  ions; 
linewidth  of  absorption  and  fluorescence  lines.,  proper¬ 
ties  of  magnetically  ordered  compounds.  In  the  following 
section  we  shall  give  some  recent  results  in  all  three 
fields. 

II.  Experimental  procedure. 

For  the  spectroscopic  investigations  we  used  four  spec¬ 
trographs:  a  6  m  ROWLAND  concave  grating,  a  },5  m  and 
a  2  rn  EBERT  mounting  spectrograph  and  a  prism  spectro¬ 
graph  for  the  infrared  investigations.  The  crystals 
were  placed  in  conventional  glass  or  metal  dewars  either 
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directly  in  liquid  nitrogen  or  liquid  helium  or 
fastened  to  a  copper  block  which  itself  was  cooled  by 
the  cooling  liquid.  The  spectra  were  photographed  or 
directly  photorecorded  with  a  multiplier  or  a  PbS  photo¬ 
resistor. 

III.  Term  schemes  of  the  trivalent 
rare  earth  ions. 

The  term  schemes  of  the  trivalent  rare  earth  ions  have 

-1  l ) 

by  now  all  been  completed  up  to  about  Jo  ooo  cm  . 

At  higher  energies  in  some  cases  the  term  density  be¬ 
comes  so  large  that  the  analysis  of  the  spectra  gets 
very  complicated.  We  have  analyzed  the  ultraviolet  ab¬ 
sorption  spectra  of  Nd^*  and  Tb^+  3a.lts.  In  the 
case  of  Nd^  it  was  possible  to  assign  all  observed 
llnegroups  to  theoretical  terms.  For  Tb-^+  the  analysis 
was  much  more  difficult  because  of  the  large  term 
density  in  the  investigated  spectral  range.  Yet  it  was 
possible  to  attribute  some  of  the  observed  line  groups 
to  theoretical  terms.  Fig,  1  shows  the  term  schemes  for 
all^  trivalent  rare  earth  ions  in  their  present  state. 

In  CeCl^  ^  the  transition  2F^y^  ^7/2  was 
investigated  in  order  to  obtain  the  crystal  field  para¬ 
meters  in  this  compound.  The  crystal  field  level  scheme 
deduced  from  our  measurements  is  shown  in  fig.  2.  The 
crystal  field  parameters  with  which  we  could  best  fit 
the  observed  levels  are:  A2  <r  ;>  =  64,5  cm  ,  A 4  <r/>  = 
-4l,o  cm”1,  Ag  <r^>  =  -64,1  cm-1  and  Ag  <r^>  =  399,1cm1. 

IV.  Magnetically  ordered  compounds. 

The  spectroscopic  investigation  of  magnetically  ordered 
compounds  can  yield  useful  information  about  the  inter¬ 
nal  fields  in  the  ordered  state,  the  level  schemes  in 
the  ordered  state  and  the  effect  on  the  ordered  state 
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of  an  applied  external  magnetic  field, 
a)  Rare  Earth  Iron  Garnets. 

WICKERSHEIM  and  WHITE  ^  were  the  first  to  investigate 

f 

a  rare  earth  iron  garnet  (YbIG)  by  optical  spectrosco¬ 
py.  We  have  performed  a.  study  of  the  iron  garnets  of 
Er,  Ho,  and  Dy  It  was  possible  to  determine  the 
level  schemes  of  these  three  garnets  (fig.  2).  The 
ground  term  level  schemes  are  in  agreement  with  those 
from  other  investigations,  i.e.  the  far  infrared 
spectroscopy  of  SIEVERS  and  TINKHAM  ^  and  the  specific 
heat  measurements  of  HARRIS  and  MEYER  Prom  the 

2i 

splittings  of  the  excited  term  in  ErIG  and  the  ex-r  ■ 

cited  ^2/2  term  in  DylG  it  was  possible  to  determine 

the  exchange  fields  acting  in  the  ordered  state  on  the 

rare  earth  ions.  They  are  (285  -  3o) .lc?  oe  and 

(5o5  ^  5o).lo-^  oe  for  ErIG  and  DylG  respectively  as 

compared  to  285  •  lo^  oe  an *  527  • lo^  oe  ^  deduced  from 

a  magnetization  measurement. 

b)  Dysprosium  Aluminium  Garnet  (DyAIG). 

DyAIG  has  a  very  large  anisotropic  splitting  factor 

(g_  =  18,2,  g  =  g  =  0)  which  causes  an  antiferro- 
z  x  y  n  ^  \ 

magnetic  ordering  of  this  compound  at  2,49  K  .  We 
investigated  the  transitions  ^15/2*  ^F^/g?  ^ F 
in  this  compound  in  the  ordered  and  paramagnetic  state. 


In  the  ordered  state  the  KRAMERS  doublets  are  split  by 
the  internal  fields.  Pig.  4  gives  a  photorecording  of 
the  whole  transition  ^F5/2  at  various  tempe¬ 

ratures.  The  ground  term  splittings  are  proportional 


to  the  magnetization  curve  of  DyAIG.  Pig.  5  shows  the 
optically  measured  points  (o  =  *  - 


H15/2^  P5/2^  as  coniPared  with  the  curve  which  is  a 
result  from  a  neutron  diffraction  measurement  .  The 


ft 

splitting  of  the  lowest  doublet  of  the  term  in 
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ordered  state  is  AW  =  (5»2-o,5)cnf 1  which  is  to  be  com¬ 
pared  with  the  value  5,4  cm”1  of  COOKS  et  a.11^,  and 
with  two  theoretical  values  4,9  cm-1  and  5*46  cm”1, 
c)  Gadoliniv.mchloride  (GdCl,) . 

GdCl.,  orders  ferromagnetically1'*'  at  2,2  °K.  The  optical 

16) 

measurements  yield  a.  value  of  the  internal  field 
^eff  =  -  2,o)  io3  oe  extrapolated  to  o  °K.  The 

value  of  the  exchange  field  deduced  from  a  magnetiza¬ 
tion  measurement  is  H  „  =  (8,2)  lo^  oe  1^. 

0X 

V.  Linewidth  and  ORBACH-relaxation. 

A  correlation  exists  between  the  linewidth  in  special 
optical  transitions  and  the  ORBACH  coefficient  in  para¬ 
magnetic  relaxation  as  can  be  deduced  from  fig. 6. 

The  linewidth  of  the  A-line  is  given  by  the  strain 
broadening.  The  linewidth  of  the  E-line  is  given  by 

ij. 

strain  broadening  plus  the  broadening  of  the  II  *15/2 
level  by  spontaneous  emission  of  phonons;  the  rate  for 
spontaneous  emission  of  phonons  on  the  other  hand  is 
measured  in  paramagnetic  relaxation  experiments  by 
the  ORBACH  coefficient.  The  results  of  an  experiment 
of  Er ( 5$ )  LaCl^  are  l8^:  V  (A)  »  o,}4  cm”1,r(E)  = 

0,59  cm”1  which  yields  P  (II )  =  0,05  cm”1.  On  the 
other  hand  the  relaxation  time  measurement  '  yields 
ZT  _1  =  r (II)  27  c  .  exp  (  -  &/4T)  =  1.4  x  lolD  .  exp 
(-54.5/T)  that  is  F  (II)  =  0,07  cm"1  in  good  agreement 
with  the  above  figure. 

This  work  was  supported  by  the  Deutsche  For s chungs - 
gemeinschaft . 
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Pig,!:  Term  scheme  of  the  trivalent  rare  earth  Ions; 
a)  Ce^+  to  GcP*. 
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Pig.l:  Term  scheme  of  the  t.rivalent  rare  earth  ions; 

b)  Tb5*  to  Yb5* 
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Fig. jj:  Level  schemes  of  ErIG,  HoIG  and  DylG. 
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t  . . « - \0* 

6  - 

Fig. 4:  Photorecording  of  the  complete  transition 

6F5/2  in  the  paramagnetic  and  anti ferromagnetic 
state . 


Pig. 5:  Magnetization  curve  of  DyAIG  Os^H  /  -= 

v  —  6tj  6  15/2 

’  H15/2~*  F3/2;  the  str>aight  line  i 

square  root  of  the  neutron  intensity. 


F5/2 
s  the 
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INTERACTIONS  OP  RARE  EARTH  IONS  WITH 
THEIR  CRYSTALLINE  ENVIRONMENTS 

R.  E.  Watson 

Bell  Telephone  Laboratories,  Inc. 

Murray  Hill,  New  Jersey 
and 

Brookhaven  National  Laboratories 
Upton,  Long  Island,  New  York 

ABSTRACT 

The  speaker  will  Inspect  the  current  status  of  our 
understanding  of  the  interaction  of  rare  earth  ions  with 
crystalline  environments.  Emphasis  will  be  placed  on  the 
electrostatic  interactions,  though  some  features  of  the 
associated  magnetic  problem  will  be  considered.  Comparisons 
will  be  made  with  transition  metal  crystal  field  theory,  a 
topic  which  is  traditionally  thought  to  be  more  complicated, 
but  which,  in  fact,  is  simpler  and  better  understood  than 


the  rare  earth  case. 
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2,  2'  -  DIPYRIDYL  COMPLEXES  OF  RARE  EARTHS  -  II 
CHANGE  IN  FLUORESCENCE  INTENSITIES  OF  EUROPIUM 
AND  TERBIUM  CHELATES  ON  LIGAND  SUBSTITUTION 

S.  P.  Sinha 

Cyanamid  European  Research  Institute 
Cologny  (Geneva),  Switzerland 

ABSTRACT 

A  s emiquantitative  comparison  of  fluorescence  intensities  of  un- 

substituted  and  para  dimethyl  substituted  dipyridyl  chelates  of  trivalent 

europium  and  terbium  is  presented.  The  electron  donating  methyl 

groups  increape  the  overall  intensity  for  both  europium  and  terbium 

chelates.  However,  in  case  of  europium  the  intensity  ratio 

5  7  7 

for  the  two  transitions  from  D  to  F,  and  F,  levels  are  not  of  the 

o  l  c 

same  order  of  magnitude.  The  ^Dimp/Dip  va*ues  *or  transitions  of 
terbium  are  roughly  the  same. 

Recently^  we  have  demonstrated  the  effect  of  para  CH^-groups  on 
the  spectrum,  of  substituted  neodymium-bis -dipyridyl  chelate  and  it  has 
been  concluded  that  the  increase  in  electron  density  around  the  nitrogen 
atoms  of  the  ligand  due  to  +  I  effect  is  responsible  for  greater  red  shift 
in  Nd-bis-(4,  4' -dimethyl- 2,  2' -dipyridyl)  chloride  chelate  compared  to 
the  unsubstituted  one.  Two  recent  papers'  *  '  describe  the  substitution 
effect  of  the  ligand  on  the  fluorescence  intensity,  quantum  yield,  spectral 

preceding  page  blank 
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line  splittings  and  shifts  of  various  substituted  £  -diketonate  chelates  of 
europium  and  terbium.  Electron  donating  substituents  in  the  proper  posi¬ 
tion  of  the  ligand  increase  the  fluorescence  yield  while  the  reverse  effect 

(3) 

is  obtained  with  electron  withdrawing  groups.  '  In  europium  doped  tung- 

(4) 

states  VAN  UITERT'  has  shown  dependence  of  fluorescence  intensity  of 

europium  with  the  bond  energy  between  europium  and  oxygen  atoms  of  the 

(5) 

first  coordination  sphere.  It  has  also  been  shown'  that  the  radiationless 
intramolecular  energy  transfer  in  complexes  containing  Eu-O  covalent 
bond  is  more  efficient  than  that  of  Eu-O  ionic  bond.  We  have  previous¬ 
ly^  noticed  approximately  fifteen  fold  increase  in  ^Dq  ~ *  ^F^  transition 
of  trivalent  europium  on  changing  the  ligand  from  phthalate  [C^H^tCOO)^  ] 
to  naphthalate  [CjqH^(COO)^  ]  in  the  anionic  complexes.  This  signifi¬ 
cant  enhancement  of  fluorescence,  besides  many  reasons,  may  be  due  to 
the  presence  of  highly  conjugated  ligand  (i.  e.  the  naphthalate  moiety)  which 

imperts  some  quasiaromatic  nature  to  the  chelate  ring.  However,  the 

(7) 

non-fluorescent  nature  of  terbium  naphthalate  has  been  explained'  on 

5 

the  basis  that  the  triplet  state  lies  below  the  resonance  level  of  ter¬ 
bium  ion. 

In  this  paper  a  semi  quantitative  treatment  and  a  comparison  of  the 
relative  fluorescence  intensities  of  europium  and  terbium  dipyridyl  and 
para  dimethyl  substituted  chelates  are  presented. 

RESULTS  AND  DISCUSSION 

The  relevant  portions  of  the  fluorescence  spectra  of  4,  4‘-dimethyl 
substituted  and  unsubstituted  chelates  of  europium  and  terbium  are  pre¬ 
sented  in  Figs.  1  and  2.  The  experimental  conditions  (such  as  slit  width. 
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sensitivity  etc.)  for  each  set  of  experiments  were  kept  constant  for  com¬ 
parison.  In  case  of  europium  a  direct  comparison  of  intensities  of 
5  7  5  7 

D  —  F,  and  D  —  F.,  transitions  of  individual  chelates  is  difficult 

o  1  o  2 

because  the  transition  around  16900  cm  ^  contains  second  order  contri¬ 
bution  from  the  excitation  radiation  and  it  is  quite  difficult  to  extract  the 

3+ 

real  contribution  of  Eu  ion  transition.  However,  we  can  compare  the 
spectra  of  dipyridyl(Dip)  chelates  of  both  europium  and  terbium  with  that 
of  the  4,  4'-dimethyl  substituted  dipyridyl(Dimp)  chelates  under  the  same 
experimental  conditions  as  is  done  in  here.  The  intensity  ratio  77  (de¬ 
fined  as  the  ratio  of  intensity  of  the  Dimp-chelate  to  Dip-chelate)  is  a 
measure  of  increment  of  fluorescence  intensity  due  to  substitution. 


3+ 

Eu  chelates:  Table  1  clearly  shows  an  overall  enhancement  of  fluores- 

3+ 

cehce  intensity  of  Eu  ion  in  EutDimp^Cl^’  2^0  chelate.  The  inten¬ 
sity  ratio  rj5  7  (Dimp/Dip)  has  a  value  ~3.7  and  77^  7  ~1.4 

Do~~  F2  Do-  F1 

(allowing  errors  as  indicated  in  the  preceeding  paragraph).  These  values 

point  out  two  importand  facts.  (1)  The  electron  donating  CH^ -groups  in 
the  para  position  of  the  ligand  increase  electron  density  (+  I  effect) 
around  the  nitrogen  coordination  sites  of  dipyridyl  and  hence  possibly 
through  a  bettor  orbital  overlap  of  ligand-metal  bond  results  effective 
energy  transfer  with  consequent  increase  in  fluorescence.  Increase  in 
ionic  fluorescence  of  europium  in  dibenzoylmethide  chelates  with  elec¬ 
tron  donating  substituents  and  the  expected  opposite  effect  in  presence  of 


electron  withdrawing  groups  have  been  observed  by  FILIPESCU  et  al 
(2)  The  difference  of  7)  values  for  the  two  transitions  of  europium 


(3) 


Methyl  groups  are  also  capable  of  supplying  electron  density  to  the 
conjugated  system  by  resonance  (+R)  effect. 
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5 

originating  from  the  same  resonance  level  {  Dq)  suggests  that  the  tran- 
sition  probabilities  to  the  F  levels  are  not  of  the  same  order  of  magnitude 
and  is  very  sensitive  to  the  change  of  environments  around  the  europium 
ion. 

5  7 

The  decrease  in  halfwidth  for  the  transitions  from  to  F,  and 

o  1 

F 2  speaks  for  the  narrowing  of  the  transitions  of  europium  in  Dimp- 

5  7. 

chelate  and  is  substituent  dependent.  '  Components  of  Dq  -*■  F^  transi¬ 
tion  at  16556,  16460,  16366  (maximum)  and  16194  cm  *  for  the  Dirr.p- 

chelate  have  been  observed  at  room  temperature.  The  position  of  maxi- 
5  7 

mum  of  Dq  —  F ^  transition  experiences  very  minor  change  with  para 

5  5 

CH^- substitution.  The  separation  between  Dj  and  Dq  levels  in  the 
Dimp-chelate  is  somewhat  smaller  than  that  of  the  Dip-chelate. 

3+ 

Tb  chelates:  A  comparison  of  the  fluorescence  data  of  the  Dip-chelate 
with  the  Dimp  one  is  made  in  Table  2.  The  overall  increase  in  fluores¬ 
cence  intensity  is  again  apparent  for  the  Dimp-chelate.  However,  one 
interesting  point  in  this  case  is  that  the  r\  value  for  all  observed  bands 
are  roughly  the  same  and  has  an  average  value  of  1.  16.  It  appears  that 
in  case  of  terbium  chelates  once  the  energy  reaches  the  resonance  level 

5 

(  D^),  the  fluorescent  transition  probability  from  the  resonance  level  to 
the  lowlying  7^  states  is  approximately  the  same.  The  same  conclusion 

can  be  reached  bv  comparing  rj  c  7  values  for  Dimp  (1,  69)  and 

D  —  rF, 
o  5 


Dip  (1.  68)  chelates  of  terbium.  In  this  case  such  comparison  is  feasible 
because  the  second  order  contribution  of  the  excitation  source  lies  out¬ 
side  the  terbium  transitions  concerned  (see  Fig.  2). 
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EXPERIMENTAL 

The  complexes  Eu{Dip^ Cl ^ ‘  ZH^O,  Ei^Dimp^Cl^'  ZH^O,  TbtDipJ^NO^ 
and  TbfDimp^NO.^  were  prepared  by  reacting  the  hydrated  europium 
and  terbium  salts  with  the  ligands  in  commercial  absolute  ethanol  as 
described  previously  ^ . 

Fluorescence  Measurements 

The  solid  state  fluorescence  spectra  were  recorded  with  an 

(9) 

AMINCO  spectrophotofluorometer'  using  0.  2  mm  groove  sandwich  cell 
(106-QS)  at  room  temperature.  The  comparison  spectra  were  recorded 
on  the  same  chart  paper  under  the  identical  experimental  coniitions. 

The  europium  chelates  were  excited  by  monochromatic  radiation  of 

o 

2950  A.  Two  1  mm  slits  were  used  for  the  excitation  monochromator 
and  slits  of  Z  and  0.  5  mm  were  used  for  the  emission  monochromator. 

The  rotary  turret  for  slit  selection  for  the  photomultiplier  was  ~0.  05. 

The  photometer  sensitivity  control  was  adjusted  at  14  x  0.  03.  In  these 
experiments  the  second  order  contribution  of  the  excitation  radiation 

o 

around  5900  A  complicated  the  measurements  of  fluorescence  intensity 
5  7  3+ 

for  the  D  F,  transition  of  Eu  .  The  terbium  chelates  were  ex- 
o  1 

o 

cited  by  3200  A  radiation  and  the  slits  and  rotary  turret  settings  were 

exactly  the  same  as  used  for  europium  chelates.  Only  the  photometer 

sensitivity  was  different  and  was  adjusted  at  10  x  0.  03.  The  second 

order  contribution  lies  beyond  (6400  A)  the  fluorescence  transitions  of 
3+ 

Tb  (see  the  dotted  portion  of  the  spectrum  in  Fig.  2). 
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Table  2.  DETAILS  OF  FLUORESCENCE  SPECTRUM  OF  TERBIUM  CHELATES  AT  300°K 
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ABSTRACT 


Chelated  rare  earth  ions  have  been  found  to  exist  in  solu¬ 
tion  in  a  multiplicity  of  molecular  structures,  differing  in 
the  number  and  geometrical  arrangement  of  coordinating 
ligands.  Eight-fold  coordination  is  the  most  common,  but 
changes  in  temperature,  solvent,  or  substituent  groups 
may  alter  the  coordination  in  either  direction.  Further¬ 
more,  most  chelates  dissociate  progressively  further  as 
their  concentration  is  lowered.  The  ramifications  of  such 
behavior  on  their  luminescence  and  laser  applications  will 
i  be  discussed. 


I.  INTRODUCTION 

The  use  of  rare  earth  chelates  in  liquid  lasers  has  given  increased  im¬ 
petus  to  the  investigation  of  their  coordination  chemistry.  This  has 
been  the  subject  of  considerable  research  interest.  *  It  had  generally 
been  thought  that  the  structure  of  the  trivalent  rare  earth  coordination 
compounds  paralleled  that  of  the  corresponding  d-type  transition  metal 
ions.  Indeed,  the  octahedral  coordination  typical  of  the  latter  has  been 
accepted  in  much  of  the  recent  literature  as  being  equally  valid  for  the 
rare  earths.  However,  for  some  time  now  evidence  has  been  accumu¬ 
lating  that  the  coordination  chemistry  of  these  ions  is  not  so  easily 
explained.  Thompson^  and  Choppin^  have  found  chemical  evidence  that 
four  bidentate  ligands  can  coordinate  with  lanthanide  ions.  Charles^ 
has  reported  a  number  of  europium  chelates  for  which  the  coordination 
number  may  be  greater  than  six.  Hoard^  and  his  coworkers  have  shown 
that  coordinations  as  high  as  ten  can  be  found.  In  our  own  work^  and  inft 
that  of  Bauer,  Blanc  and  Ross^  and  Melby,  Rose,  Abramson  andCaris, 
coordination  numbers  of  eight  and  nine  have  been  unequivocally  estab¬ 
lished. 

The  extremely  intense  fluorescence  emission  from  many  europium  p- 
diketone  chelates  in  solution  is  the  basis  for  their  successful  application 
in  liquid  lasers.  This  application  has  raised  many  questions  about  the 
quantum  efficiency  of  the  fluorescence  and  the  path  of  the  energy 
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migration  from  its  absorption  in  the  ligand  singlet  band  to  its  ultimate 
appearance  as  ion  fluorescence.  The  investigation  of  these  problems, 
however,  is  hampered  by  the  fact  that  these  europium  chelates  disso¬ 
ciate  in  solution.  This  dissociation  process  depends  not  only  on  the 
chemical  nature  of  the  ligand,  but  on  the  solvent  as  well.  Since  the 
spectroscopic  properties  observed  arise  from  a  mixture  of  species,  the 
characterization  of  the  energy  transfer  phenomena  requires  a  detailed 
knowledge  of  the  species  present  in  solution. 

In  this  paper  we  will  discuss  the  solution  chemistry  of  two  different  (3- 
diketone  chelates  of  europium,  the  benzoylacetonate  and  the  benzoyltri- 
fluoroacetonate.  The  emission  of  both  the  tris  and  tetrakis  forms  are 
studied  at  various  concentrations  in  a  number  of  commonly  used  sol¬ 
vents  and  their  behavior  characterized.  In  addition,  a  method  for 
obtaining  the  dissociation  constants  of  the  chelates  will  be  described, 
and  this  method  will  be  used  to  obtain  these  constants  for  one  particular 
system. 


II.  EXPERIMENTAL 

A.  Materials 

The  chelates  used  in  this  work,  the  tetrakis  and  tris  benzovlacetonates 
and  benzoyltrifluoroacetonates,  were  prepared  by  standard  methods  de¬ 
scribed  elsewhere.  6  For  the  tetrakis  compounds  which  require  a 
neutralizing  positive  charge,  the  cation  present  was  piperidinium.  These 
compounds  were  analyzed  for  europium,  and  the  agreement  with  the 
expected  formula  was  always  within  0.  2%.  There  were  four  solvents 
used  i'i  this  work  and  these  are  listed  in  Table  I.  The  detailed  deter¬ 
mination  of  the  stability  constants  was  done  only  for  the  benzoylacetonate 
in  the  mixed  alcohol  solvent  and  dilution  studies  in  the  first  three  sol¬ 
vents.  The  last  solvent  medium  is  included  because  it  has  an  interesting, 
and  as  yet  unexplained,  influence  on  the  structure  of  the  tetrakis  ben¬ 
zoylacetonate  chelate. 

B.  Apparatus 

The  experiments  to  be  described  were  the  determination  of  the  fluores¬ 
cence  spectrum  performed  under  steady  ilmmination  and  flash  experi¬ 
ments  to  determine  the  existence  of  laser  action.  The  apparatus  for 
the  latter  has  been  described  elsewhere  in  considerable  d<  tail.  9 

The  apparatus  for  the  measurement  of  the  fluorescence  emission 
spectra  is  shown  in  Fig.  1.  The  output  of  an  AH-6  Hg  arc  lamp  was 
filtered  and  focused  on  the  sample.  At  the  same  time  this  output  was 
monitored  by  a  phototube  so  that  the  variations  in  the  lamp  output  could 
be  corrected  for.  The  sample  tube  was  kept  in  a  dewar,  and  the  tem¬ 
perature  controlled  to  within  0.  2°C  by  a  flow  of  pre -cooled  nitrogen 
gas.  The  fluorescence  output  was  focused  on  the  entrance  slit  of  a 
Jarrell-Ash  0.  5  m  Ebert  monochromator.  The  monochromator  output 
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TABLE  I 


Solvent 

Composition 

Preparation 

Mixed  alcohol 

3:1  mixture  by  volume  of 
ethanol  and  methanol 

Absolute  ethanol  (USI) 
and  spectroscopic  grade 
methanol  used  directly. 

EPA' 

5:5:2  volume  mixture  of 
ethanol,  2  methylpentame 
and  di- ethyl  ether 

Absolute  ethanol  (USI). 
Other  reagents,  spectro¬ 
scopic  grade. 

Nitrile 

1:1:1  volume  mixture  of 
isobutyro-,  n  butyro- 
and  propionitriles 

All  reagents  distilled  and 
mixture  stored  overanhy' 
drous  CaS04  until  ready 
for  use. 

Mixed  alcohol  — 
sodium  acetate 

Solvent  1  +  anhydrous 
sodium  acetate 

Prepared  as  used. 

was  detected  by  an  RCA  7268  photomultiplier  and  recorded.  The 
straight-through  optics  are  particularly  suited  to  these  experiments 
since  the  intense  absorption  of  the  ligands  provide  a  sharp  fluorescent 
image  of  the  exciting  arc,  which  is  then  focused  on  the  entrance  slit  of 
the  monochromator.  Meaningful  intensity  comparisons  can  be  made  as 
long  as  this  image  is  at  the  focus  of  the  lens.  In  the  more  dilute  solu- 
tions  there  is  considerable  penetration  of  the  exciting  radiation  and  this 
tends  to  result  in  a  diffuse  image  of  significant  depth.  This  diffuseness 
introduces  geometrical  effects,  making  intensity  comparisons  much 
more  difficult.  In  all  the  work  used  for  quantitative  determinations 
either  the  absorption  was  sufficiently  intense  to  result  in  a  sharp  fluo¬ 
rescent  image  line  or  appropriate  corrections  were  made. 
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in.  EXPERIMENTAL  RESULTS 
% 

The  results  of  the  fluorescence  experiments  are  interpreted  in  terms 
of  the  energy  level  structure  of  the  europium  ion.  The  principal  emis¬ 
sion  that  is  most  easily  detected  is  that  due  to  the  D0  -  Fa  transition 
in  the  6100-6250  A  region.  The  5D0-7F1  and  6D0-7F0  transitions  at 
5850-5950  A,  and  5800  A,  respectively,  are  more  than  an  order  of  mag¬ 
nitude  less  intense  but  nevertheless  easily  detectable.  At  low  temperature 
the  emission  lines  are  quite  sharp  and  the  structure  of  the  fluorescence 
is  easily  discernible.  This  emission  has  two  important  properties. 

The  first  is  that  the  D0  -  F0  transition  is  not  split  by  fields  of  any  sym¬ 
metry,  and  therefore  multiple  emission  lines  in  this  region  are  evidence 
of  multiple  species.  Moreover,  there  is  little  overlap  between  the  lines 
even  if  they  are  separated  by  as  little  as  4  A  and  the  intensities  can  be 
interpreted  quantitatively.  The  second  important  property  of  the  emis¬ 
sion  is  that  the  structure  of  the  fluorescence  from  the  DQ-  F3  transi¬ 
tion  is  characteristic  of  the  coordination  symmetry.  Although  the 
breadth  and  overlap  of  the  lines  in  this  transition  vitiates  their  use  in  a 
quantitative  manner,  they  can,  nevertheless,  be  used  to  identify  the 
structure  of  a  given  species. 

In  the  subsequent  discussion  we  will  exploit  these  two  properties,  first 
quantitatively  to  evaluate  the  relative  amounts  of  the  various  species 
present  in  solution  from  which  one  can  ascertain  the  dissociation  con¬ 
stants;  second,  qualitatively  in  a  more  general  discussion  of  the 
solution  chemistry. 

A.  Determination  of  Dissociation  Constants 

The  dissociation  constants  of  the  benzoylacetonate  chelates  of  europium 
were  determined  in  the  mixed  alcohol  solvent  at  -180°C.  A  series  of 
solutions  with  constant  0,01  M  europium  concentration  but  varying  ligand 
concentration  was  prepared.  This  was  done  by  using  appropriate 
volumes  of  solutions  of  europium  tetrakis  benzoylacetonate  and  anhy¬ 
drous  europium  chloride,  both  in  the  mixed  alcohol  solvent.  Equivalent 
spectra  were  obtained  if  the  solutions  were  prepared  by  mixing  appro¬ 
priate  amounts  of  piperidinium  benzoylacetonate  and  europium  chloride 
only,  but  the  former  method  was  somewhat  more  convenient. 

Some  of  the  spectra  obtained  are  shown  in  Fig.  2.  It  is  readily  seen 
that  as  the  ratio  of  europium  to  benzoylacetonate  is  varied,^  the  number 
and  wavelength  of  the  principal  emission  lines  in  the  Da-  I  o  region 
changes.  In  all  there  are  four  distinct  lines,  each  corresponding  to  a 
given  chelate  species.  The  emission  from  the  free  europium  ion  is  too 
weak  t  j  be  detected  at  the  concentration  used  with  the  method  of  excita¬ 
tion  described. 


The  emission  in  the  5Dq  ~7Fg  region  of  the  spectrum  also  undergoes 
rather  marked  changes  with  the  variation  in  metal  ion-to-ligand  ratio. 
As  can  be  seen.,  these  emissions  are  quite  characteristic  for  each  of  the 
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Fig.  2.  Emission  spectra  used  for 
calculating  the  dissociation  con¬ 
stants  of  europium  benzoylacetonate 
in  alcohol.  Europium  concentra¬ 
tion:  0.  01  M.  Benzoylacetonate 
concentration:  (a)  0.04,  (b)  0.03, 
(c)  0.  025,  (d)  0.01,  (e)  0.005. 


chelate  compound's  and  can  serve  to  identify  them.  The  intensities  of 
the  individual  lines,  however,  cannot  be  measured  precisely  because 
there  is  far  too  much  overlap  between  the  lines  of  each  species.  Thus 
for  quantitative  work  one  is  limited  to  the  transitions  in  the  D0  -  FQ  re¬ 
gion  alone.  ' 


To  a  very  good  approximation  the  absorption  of  ultraviolet  radiation  by 
europium  chelates  is  determined  by  the  absorption  characteristics  of  the 
ligand.  In  fact,  there  is  good  evidence®  that  the  absorption  constant  on 
a  per  ligand  basis  is  constant.  If  it  is  further  assumed  that  all  the  ex¬ 
citing  radiatiq.n  is  absorbed,  then  the  number  of  photons  absorbed  per 
cm^  per  sec  by  a  .species  having  n  ligands  per  molecule  is  given  by 


wheFe  PQ  is  the  incident  flux  density  and  Cn  is  the  concentration  of  the 
species  with  h  ligands  and  C^is  the  total  concentration  of  ligand,  free 
and  combined. 


The  intensity,  of  the  emission  from  the  species  with  concentration 
Cn  is  proportional  to 


I  =  A  P  =  A  P  -75— 
n  n  n  no 


If  l"  is  defined  as  the  intensity  obtained  when  nCn  =  C^,  then 


(2) 
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nC 

I  =  1° 
n  n  Cl 


(3) 


If  the  1^  are  known  and  ^  measured,  then  Cn  can  be  determined.  Be¬ 
cause  there  is  always  some  dissociation,  the  I^'s  have  to  be  determined 
by  an  iterative  procedure. 


Starting  with  spectrum  b  of  Fig.  2  and  assuming  this  solution  to  be 
entirely  the  tris  species,  a  tentative  value  of  is  obtained.  Using  this 
value,  along  with  material  balance  considerations,  the  spectra  a,  b, 
and  c,  and  Eq.  (3),  one  can,  by  an  iteration  procedure,  rapiuly  con-Q 
verge  on  a  consistent  set  of  values  for  I4 ,  I3  ,  1^.  K4  and  K3  .  Using  Ig 
and  the  spectra  d  and  e,  one  can  then  find  I*,  K2  and  K^.  These 
values  are  listed  in  Table  II.  The  equilibrium  constant  for  each  step 
in  the  dissociation  is  defined  as  Kn  =  (Cj^Cg) /Cn  where  Cn  andCn_? 
follow  from  previous  definitions  and  Cg  is  the  concentration  of  free 
benzoylacetonate  anion.  These  constants  have  been  calculated  on  the 
basis  of  concentration  and  not  activities,  and  are  estimated  to  have  a 
probable  error  of  10%.  The  In  values  depend,  of  course,  on  the  par¬ 
ticular  experimental  arrangement  employed,  but  their  ratios  are 
generally  applicable  to  the  system  itself. 


TABLE  II 


n 

K 

n 

1° 

n 

1 

1. 20  x  10"8 

0.40 

2 

2. 66  x  10“ 6 

9.  62 

3 

1.  30  x  10"s 

5.80 

4 

1.  17  x  10 

0.45 

This  technique  is  complementary  to  other  methods  for  determining  sta¬ 
bility  constants.  It  depends  on  an  easily  interpretable  emission 
spectrum  and  may  thus  be  limited  only  to  europium  chelates.  In  addition 
to  this,  not  only  must  the  particular  chelates  be  fluorescent,  but  the 
lines  must  be  sharp.  It  is  therefore  essentially  limited  to  low  tempera¬ 
ture  application  in  a  solvent  system  that  glasses  readily  and  provides 
sharp  emission  lines .  However,  within  these  limitations,  the  spectro¬ 
scopic  method  described  here  will  produce  information  not  obtainable 
by  any  other  means. 

B .  Behavior  of  Chelate  Solutions  on  Dilution 

With  the  existence  of  equilibria  having  dissociation  constants  as  large 
as  those  found  for  the  europium  benzoylacetonate  chelates,  the  relative 
proportions  of  the  various  species  present  in  a  solution  will  be  depen- 
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dent  on  the  concentration  even  at  the  concentrations  normally  used  in 
fluorescence  experiments.  Furthermore,  the  equilibria  will  also  de¬ 
pend  on  the  solvent  itself  and  will  shift  as  the  solvent  is  altered.  To 
study  these  effects,  two  chelates  of  europium,  the  benzoylacetonate 
and  the  benzoyltrifluoroacetonate,  were  selected  because  of  interest  in 
their  laser  application.  The  solvents  were  chosen  because  of  the  pre¬ 
valence  of  their  use  in  either  fluorescence  studies  or  as  a  laser  host 
medium. 

The  behavior  of  the  tris  and  tetrakis  europium  benzoylacetonate  chelates 
in  the  mixed  alcohol  solvent  on  dilution  from  10~  to  10"6  M  is  shown 
in  Figs.  3a  and  b.  This  behavior  is  what  would  be  expected  on  the  basis 
of  the  equilibrium  constants  already  determined.  In  each  case  there  is 
a  gradual  increase  in  dissociation  so  that  at  the  lower  concentration 
the  solute  consists  not  of  the  starting  compound,  but  of  species  having 
one  or  two  fewer  (3 -diketone  ligands.  The  tris  and  tetrakis  benzoyltri¬ 
fluoroacetonate  s  exhibit  a  different  sort  of  behavior  in  this  solvent  as 
shown  in  Figs.  4a  and  b.  For  this  ligand  the  tetrakis  compound  is 
completely  dissociated  into  the  tris  even  at  the  highest  concentration, 
since  the  spectra  obtained  from  both  compounds  are  identical  except  for” 
intensity.  The  apectrum  of  the  tris  compound  is  about  1/3  more  intense 
than  that  of  the  tetrakis  because  the  dissociated  ligand  absorbs  energy 
but  does  not  lead  to  fluorescence.  Dilution  does  not  alter  the  spectrum 
but  decreases  the  intensity.  For  this  ligand  then,  only  the  tris  form  is 
stable  in  this  solvent;  the  equilibrium  constants  for  the  other  forms 
must  be  extremely  high. 

I 

In  the  nitrile  mixture,  which  is  a  highly  coordinating  solvent,  a  markedly 
different  sort  of  behavior  is  observed  as  seen  in  Figs.  5  and  6.  Both 
the  tris  and  tetrakis  benzoylacetonates  are  less  stable  here  than  in  al¬ 
cohol  and  by  10~4  M  the  chelates  have  dissociated  nearly  completely 
into  free  ligand  and  free  ion.  It  should  also  be  noted  at  10“ 2  Mthe  spec¬ 
trum  of  the  tetrakis  chelate  is  not  the  same  as  that  in  alcohol.  For  the 
benzoyltrifluoroacetonate,  Figs.  6a  and  b,  the  spectra  of  the  tetrakis 
and  tris  compounds  are  different  at  the  highest  concentration  and  the 
tris  spectrum  shows  the  presence  of  a  small  amount  of  the  tetrakis.  As 
the  solutions  are  diluted-,  the  tetrakis  spectrum  does  not  alter  except  in 
intensity ,  while  that  of  the  tris  is  converted  to  the  tetrakis.  In  this  co¬ 
ordinating  solvent  then,  the  lower  chelate  species  are  essentially  un¬ 
stable  and  the  tetrakis  form  has  a  smaller  dissociation  constant  than  the 
tris  form. 

EPA  is  a  solvent  commonly  used  for  fluorescence  experiments  and  the 
results  of  dilution  experiments  in  this  solvent  are  shown  in  t'igs.  7  and 
8.  In  the  case  of  both  the  tris  and  tetrakis  benzoylacetonates  there  are 
at  least  four  species  present  in  solution  even  at  concentrations  as  high 
as  10“a  M.  As  the  concentration  is  decreased,  the  relative  amounts  of 
the  lower  coordination  components  increase  until  at  10“4  M  it  is  dif¬ 
ficult,  if  at  air  possible,  to  identify  the  chelate  components  with  any 
degree  of  confidence.  With  the  benzoyltrifluoroacetonate,  both  the  tet¬ 
rakis  and  tris  compounds  produce  solutions  that  are  mixtures  of  the 
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Fig.  3.  Benz oylacetonate  chelates 
of  Eu  in  mixed  alcohol  solvent  at 
-180°C:  (a)  tetrakis  chelate, 

(b)  tris  chelate. 


Fig,  5.  Benzoylacetonate  chelates 
of  Eu  in  nitrile  solvent  at  -180°C: 
(a)  tetrakis  compound,  (b)  tris 
compound. 


Fig,  4.  Benzoyltrifluoroacetonate 
chelates  of  Eu  in  mixed  alcohol 
solvent  at  -180°C:  (a)  tetrakis 
chelate,  (b)  tris  chelate. 


Fig.  6.  Benzoyltrifluovoacetonate 
chelates  of  Eu  in  nitrile  solvent  at 
-180°C:  (a)  tetrakis  compound, 

(b’,  tris  compound. 
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Fig.  7.  Benz oy lac etonate  chelates 
of  Eu  in  EPA  solvent  at  -180°C: 
(a)  tetrakis  compound,  (b)  tris 
compound. 


Fig.  8.  Benzoyltrifluoroacetonate 
chelates  of  Eu  in  EPA  solvent  at 
-180°C:  (a)  tetrakis  compound, 
(b)  tris  compound. 


tris  and  bis  species.  The  relative  amounts  of  these  remain  unchanged 
on  dilution  from  10"a  M  to  10”s  M. 

C.  Structural  Considerations 

Thus  far  the  solvent  has  been  considered  as  having  an  effect  only  on  the 
stability  of  the  various  complexes.  However,  its  influence  is  more 
deeply  felt.  In  the  tetrakis  chelates  the  metal  ion  resides  in  a  cage  of 
eight  oxygens.  With  the  available  metal  orbitals,  two  possible  arrange¬ 
ments  of  these  oxygens  are  dodecahedral  and  antiprismatic.  The  solvent 
can  play  a  key  role  in  determining  this  structure.  In  alcohol,  for  exam¬ 
ple,  it  has  beenshown^*  10  thatthe  emission  spectrum  of  europium  tetrakio 
benzoylacetonate  in  the  D0  -  F2  region  is  consistent  with  a  dodecahedral 
structure  of  symmetry  D2C}.  In  the  nitrile  solvent,  on  the  other  hand, 
the  emission  spectrum  is  more  consistent  with  a  structure  belonging  to 
the  symmetry  group  C4.  Nitriles  can  coordinate  strongly  through  the 
nitrogen,  and  in  so  doing  will  distort  the  dodecahedral  structure  toward 
an  Archimedean  antiprismatic  one  since  the  latter  allows  the  nitrogen 
to  approach  the  central  ion  more  closely.  The  coordinated  nitrile  group 
produces  an  overallnine -fold  coordination  and  lowers  the  site  symmetry 
from  D4  to  C4.  This  has  been  discussed  in  some  detail  previously.  ^ 
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Fig.  9.  Europium  tetrakis  benzoylacetonate  (0.  01  M)  in  mixed  alcohol 
solvent  at  -150°C  containing  various  concentrations  of  sodium 
acetate. 


An  even  more  intriguing  case  occurs  when  the  alcohol  solvent  is  altered 
by  the  addition  of  sodium  acetate.  The  change  in  this  case  is  a  more 
general  one  as  is  seen  in  Fig.  9.  The  spectrum  of  the  tetrakis  benzo¬ 
ylacetonate  is  altered  so  that  a  single  emission  line  in  the  5D0-7F3 
spectral  region  becomes  increasingly  more  dominant,  consistent  with 
a  gradual  conversion  to  a  structure  having  a  symmetry  of  the  antiprism 
alone  or  D4.  This  symmetry  can  be  achieved  by  coordinating  either  two 
or  none  of  the  singly  charged  cations  to  a  chelate  molecule,  but  the 
question  has  not  yet  been  resolved. 


IV.  INFLUENCE  ON  LASER  ACTION 

The  dissociation  and  structural  factors  have  a  strong  influence  on  the 
laser  capability  of  these  compounds.  As  of  this  writing,  one  highly 
significant  point  that  has  emerged  is  that  only  the  tetrakis  chelates,  and 
no  tris  or  lower  coordinated  forms,  have  been  made  to  exhibit  laser 
action.  Thus,  the  dissociation  of  the  tetrakis  chelate  to  the  tris  chelate 
can  only  be  deleterious.  Even  in  those  cases  where  such  dissociation 
can  be  reversed  by  additional  chelate  anion,  there  is  not  much  advantage 
since  the  non-useful  absorption  is  also  increased.  From  the  point  of 
view  of  the  laser,  the  solvent  effects  can  be  much  more  useful.  Thus, 
while  the  tetrakis  benzoyltrifluoroacetonate  dissociates  to  afar  greater 
extent  than  the  benzoylacetonate  in  alcohol,  it  dissociates  much  less 
than  the  latter,  indeed  hardly  at  all,  in  the  nitrile.  Such  a  complete  re¬ 
versal  of  behavior  of  the  tetrakis  benzoyltrifluoroacetonate  chelate 
makes  it  possible  to  achieve  laser  action  in  the  nitrile  solvent.  In  fact, 
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the  nitrile  is  such  a  good  solvent  medium  for  the  benzoyltrifluoroace- 
tonate  that  this  chelate  retains  its  fluorescence  intensity  and  undissociated 
nature  even  at  room  temperature,  enabling  the  room  temperature  che¬ 
late  laser  to  become  a  reality.  ** 

Furthermore,  the  effect  of  the  solvent  is  not.  limited  to  the  dissociation 
equilibrium,  since  the  tetrakis  form  itself  is  markedly  dependent  on  the 
nature  of  the  solvent.  Indeed,  the  europium  tetrakis  benzoylacetonate 
can  be  made  to  show  laser  action  in  three  distinct  forms,  the  dodeca¬ 
hedral,  the  antiprismatic,  and  the  antiprism  adduct,  at  wavelengths  of 
6130,  6114,  and  6126  A,  respectively.  This  is  achieved  by  merely 
changing  the  solvent.  Thus  the  very  structure  of  the  lasing  molecule  it¬ 
self  is  readily  altered  by  interactions  with  the  solvent,  making  it 
possible  to  attain  some  degree  of  frequency  tuning  of  the  laser  emission 
by  chemical  means. 


V.  SUMMARY 

The  interaction  of  europium  p  -diketone  chelates  and  the  solvent  depends 
on  the  nature  of  both  the  ligand  and  the  solvent.  In  this  work  a  beginning 
has  been  made  toward  an  understanding  of  this  interaction.  It  has-been 
shown  that  the  dissociation  constants  of  these  chelates  can  be  deter¬ 
mined  from  fluorescence  measurements.  It  has  also  been  pointed  out 
that  because  of  the  dissociation  problem,  great  care  must  be  exercised 
when  comparing  and  interpreting  fluorescence  data,  particularly  when 
these  are  obtained  from  dilute  solutions.  By  an  awareness  of  these 
problems  it  should  be  possible  to  study  energy  transfer  phenomena  and 
fluorescence  efficiency  with  greater  control  over  the  structural  and 
chemical  parameters.  In  this  way  more  meaningful  comparisons  can 
be  made  and  a  greater  insight  into  the  laser  behavior  of  these  com¬ 
pounds  can  be  (obtained. 
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OPTIMUM  ACTIVATOR  CONCENTRATIONS  IN  RARE-EARTH  OXIDE  PHOSPHORS 


R,  C.  Ropp 


Weatinghouae  Electric  Corporation 
Lamp  Division  -  Bloomfield,  N.  J. 

ABSTRACT 

The  intensity  of  fluorescence  of  rare-earth  activators  in  rare-earth 
oxide  phosphors  is  an  inverse  function  of  the  degree  of  ground-state 
splitting  which  occurs,  and  also  of  the  degree  of  resonance  energy 
interaction  between  ions  within  the  lattice.  Such  phenomena  probably 
account  for  the  completely  different  optimum  concentration  observed 
for  the  various  activators  studied. 

The  number  of  papers  dealing  with  yttrium  and  gadolinium  oxide  phosphors 
has  increased  of  late,  bat  little  has  been  presented  regarding  the  relationship 
between  concentration  and  emission  intensity  for  the  various  rare-earth  activa¬ 
tors  in  these  matrices.  In  this  respect,  Eu+^  1b  unique  because  of  the  rela¬ 
tively  high  concentrations  which  may  be  accommodated  without  affecting  emission 
intensities. 

The  phosphors  were  prepared  by  coprecipitation  of  the  rare-earth  oxalates, 
as  has  been  reported  previously  .  The  precipitate  vac  calcined  at  temperatures 
ranging  frem  lOOO-lltOO’C  for  one  to  four  hours  in  air,  depending  upon  the  com¬ 
position.  Brightness  measurements  were  made  by  illuminating  the  surface  of  a 
powder  plaque  with  the  radiation  (2J>37^)  from  a  regulated  low-pressure  mercury 
discharge  lamp  and  comparing  the  response  (by  means  of  a  IP 28  photomultiplier 
and  a  Photovolt  Model  $20H  power  supply)  with  that  of  on  arbitrary  standard  phos¬ 
phor  whose  emission  band  coincided  with  the  rtre-f-earth  emission. 

In  YpCy  and  GdgO^-based  phosphors,  it  was  shown  previously^  that  only  Sk+^, 
Eu+^t  Tb  ^  and  Dy+^gave  fluorescence  of  any  appreciable  intensity.  Such  inten¬ 
sity  was  a  function  of  the  wavelength  employed  for  excitation. 

In  order  to  obtain  a  comparison  of  intensity  of  emission,  as  a  function  of 
activator  concentration,  it  was  necessary  to  obtain  the  relative  measurement  of 
the  various  members  in  a  series.  The  easiest  method  proved  to  be  measurement 
of  plaque  brightness.  Although  the  Sm+^,  Eu+^,  Tb+^  and  Dy+^  activators  pro¬ 
duced  considerable  differences  of  intensity  in  response  to  2$J7&  excitation, 
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shown  in  Table  I,  the  Measurements  proved  sufficient  for  relative  comparison. 


TABLE  I 

Relative  Brightness  of  Rare-Earth  Activators 


Rare-Earth  Activator 

%  2537^  Major 

Response  Excitation  Band 

{.b5  mol/mol  X90_) 
Sm+3  23 

8 

Angstroms 

2080 

Bu+3 

92 

2$37  * 

Tb+3 

h  9 

3060  * 

Dy+3 

10 

2080 

Peak 
Emission 


Angstroms 

Ca^(F,Cl)(POjt)3«SbsMn  $8$0 


X2°3  ,&X.075 
ZngSiO^ rMn 


Ca^ ( F,  Cl ) (PO^ :Sb  sHn 
■^depending  upon  activator  concentration. 


6125 

5280 

S8#> 


The  brightest  phosphor  in  each  series  was  then  chosen  and  the  other  members 
were  read  in  terms  of  it.  This  gave  the  results  Bhown  in  Figure  I  which  pre¬ 
sents  the  effect  of  activator  concentration  on  relative  plaque  brightness.  The 
optimum  concentrations  found  are  given  in  Table  II. 


TABLE  II 

Optimum  Activator  Concentration  in 
Optimum  Concentration 


Activator 

(mols  per  mol) 

Ratio 

Sm+3 

0.001$ 

1 

Eu+3 

0.1$00 

100 

Tb+3 

0.0250 

17 

I*+3 

0.0100 

7 

4.  *)  4-  3 

One  of  the  major  differences  found  for  Eu  -  and  Tb  -activated  phosphors 
was  the  existence  of  a  broad  excitation  band,  due  to  a  perturbed  activator 
state,  which  was  not  found  in  Sm+3-  or  Dy+ ^-activated  phosphors.  The  relative 
peak  heights  were  a  function  of  the  activator  contont,  as  shown  in  Figure  II 
for  Eu+3  in  Y  „C, .  Such  behavior  was  not  observed  in  the  Sm+3-  or  Dy+3-acti~ 
vated  phosphors'1. 

Another  difference  noted  was  the  relative  brightness  as  a  function  of  host 

sensitization.  Matrix  excitation  of  Y^  phosphors  may  be  obtained  at  208oA*\ 

When  excitation  of  the  optimized  phosphors  is  achieved  by  means  of  a  cadmium 

lamp,  which  has  a  spectral  line  at  2288it,  the  results  shown  in  Figure  III  are 

obtained.  Note  that  the  Eu+3  and  Tb+3  phosphors  are  up  to  six  times  brighter 

.f  3  +3 

than  the  corresponding  Sm  ^  or  By  ^  phosphors.  Since  these  results  are  also 
a  measure  of  host  sensitization,  it  is  obvious  that  the  efficiency  of  energy 
transfer  from  host  to  activator  center  varies  considerably.  Host  sensitize- 
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tion  occurs  for  Eu+^  or  Tb+^,  but  to  a  much  smaller  degree  for  Sm+^  or  Dy+^. 


This  aspect  was  investigated  in  more  detail,  with  the  results  shown  in  Table 
III.  The  relative  number  of  photons  Quitted  (N^)  was  measured  by  employing  an 
excitation  beam  of  constant  energy  at  a  2080A  wavelength.  This  produced  matrix 
excitation,  with  subsequent  energy  transfer  and  emission  by  the  rare-earth  acti¬ 
vator.  The  emission  lines  observed  were  integrated,  resulting  in  an  average  en¬ 
ergy  of  emission  which  is  specified  both  as  energy  and  wavelength.  Calculation 
of  the  luminosity  then  showed  the  same  general  results  given  in  Figure  XU.  Note 
that  Tb+-^-,  Sm+^-  and  Dy+ ^-activated  phosphors  do  emit  about  the  same  relative 

number  of  photons.  However,  because  of  the  higher  luminosity  of  the  Tfc  pbo- 

+1  +3 

tons,  the  emission  brightness  is  greater  than  Sm  ,  for  example.  The  Eu  - 

activated  phosphor  is  four  times  more  efficient  than  the  other  materials.  In¬ 
deed,  measurements  of  XgO^sEu4^  have  shown  this  phosphor  to  possess  a  quantum 
efficiency  of  92#  under  2537^  excitation,  and  Eu+^  has  been  observed^  to  pos¬ 
sess  quantum  efficiencies  close  to,  or  in  excess  of,  100#. 


TABLE  III 


1. 


2. 


Calculation  o f 

‘  helative  Brightness  of  PI: 

osphors  Based 

on  Y^ 

r2°3!E“.l5 

T2°3 :Tb. 

,025 

Yo0, :Sra 
_£_2 _ : 

.001? 

JJ1 

V (cm-1) 

I 

V(cm  ■*") 

I 

V(cra 

I 

■v(ca_1) 

I 

Emission  Observed 

15,900 

.oil 

15,800 

.03 

1U.710 

.06 

ll*,61*0 

.05 

16,100 

.03 

16,000 

.03 

ll*,850 

.07 

ll*,920 

.01* 

16,1*00 

.62 

16,130 

.02 

15,120 

,06 

17,110 

.19 

16,600 

.10 

16,720 

.03 

16,000 

.11 

17,1*30 

.1*7 

17,100 

.H* 

17,170 

.03 

16,3.90 

.18 

20,1*1*0 

.09 

17,500 

.05 

17,810 

.03 

17,050 

.11 

20,660 

.10 

18,900 

.02 

18,180 

.23 

17,1*30 

.11 

21,11*0 

.06 

18, 1*20 

.36 

17,680 

.20 

20,220 

.01* 

18,1*20 

.03 

20,390 

.06 

20,hh0 

.03 

20,610 

.05 

20,660 

.03 

20,770 

.07 

20,769 

.03 

20,930 

.02 

Average  Ehergy  of 
Emission 

16,1*30 

cm”^ 

18,1*95  < 

■f1 

16,577  1 

cm  ^ 

17,91*0  « 

cm”^ 

( ^(yx  i)  ) 

(6086J0 

(538U) 

(6032J) 

(5571*1) 

3.  Color 


Red 


Green 


Red-Orange  Yellow-Green 


1*.  Relative  Number  of 

Photons  Ehitted  (N  ) 
'  o' 


100 

38 

23 

21* 

2.01* 

2.30 

2.05 

2.22 

5»  Electron  Volts 
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TABLE  III  -  (Continued) 

T2°35a\l5  X2°3:Tb.025 

X2°3 !Sn.00l5 

T2°3  ‘^.Ol 

6.  Calculated  Intensity 
(Nq  x  e.v. ) 

20h  87 

1:7 

53 

7.  Luminosity  Factor  (f) 

.5156  .9603 

.5926 

.9995 

8.  Calculated  Luminosity 

(O 

106  81* 

28 

53 

Spectra  of  the  rare  earths  have  been  observed  to  consist  mainly  of  electrio 
dipole  transitions,  although  some  magnetic  dipole  transitions  have  also  been 
noted^*'*.  It  might  be  possible  to  explain  the  experimental  intensity  differ-" 
ences  observed  in  terms  of  emission  involving  electric  dipole  transitions 
(Eu+3)  as  opposed  to  those  involving  magnetic  dipole  transitions  (Tb+^,  Sm+^ 
and  However,  while  it  is  possible  that  quenching  interactions,  wMoh 

occur  between  rare-earth  ions  of  different  species,  are  associated  with  mutual 
relationships  of  their  energy  levels,  as  proposed  by  Van  Uitert  and  Xtda^, 
these  factors  do  not  fully  explain  the  quenching  interactions  observed  between 
similar  species  nor  the  differences  determined  for  the  optimum  activator  con¬ 
centrations.  Neither  do  they  explain  the  differences  observed  for  quenching 
effects  of  other  rare  earths  on  Eu+-*  emission  in  Y^Oy  Results  for  1^0^  t£a 

RF^.  systems  are  shown  in  Figure  IV. 

Therefore,  there  are  at  least  two  factors  which  need  to  be  explained: 

1.  Fluorescence-quenching  between  similar  species. 

2.  Fluorescence-quenching  between  unlike  rare  earths. 

7 

As  shown  by  the  absence  of  lattice  frequencies  in  their  emission  spectra  , 
Ri  ■*  and  Tb  J  do  not  interact  as  strongly  with  trs.tr  environment  as  the  rare- 
earth  ions  which  have  H  or  I  ground  states.  Thus,  it  would  be  expected  that 
the  latter  ions  would  behave  quite  differently,  particularly  Eu+^  whose  emit- 

cj  7 

ting  level,  ?D0’  and  ground  state  level,  fF0,  are  not  affected  by  the  crystal 
field. 

Only  a  few  measurements  have  been  made  on  the  ground-state  splitting  of 
the  rare- earths  in  a  crystalline  field.  The  most  extensive  of  these  involves 
the  garnets,  Y^Ai^O^  and  I^Ga^O^.  Table  IV  shows  the  measured  results  as 
found  by  various  investigators. 


ssaasc 
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TABLE  17 

Ground-State  Splitting  of  Rare-Earth  Activators 


Energy  Differences 


Activator 

Ground  State 

Matrix 

of  Stark  Levels 

Refer  ex. 

( IS J  Term) 

cm~i 

Eu+3 

7*b 

Wl2 

None 

8 

Sm+3 

S/2  \ 

[  Wia 

[  LaCl3 

U5 

66 

8 

9 

r  w i2 

15 

•  8 

Tb+3 

\ 

Wl2 

5U 

10 

Y3A15ni2 

7k 

10 

70 

11 

ry+3 

6„  J 

1  Wl2 

U8 

8 

Dy 

\$n  i 

L  IflCl3 

11*1 

9 

__  ‘V’ 3 

j 

i  ^5°!?. 

56U 

12 

Er 

*15/2  1 

'  I2°3 

5io 

13 

&i*3 

\/2 

Wl2 

81*8 

11* 

Tm+3 

\ 

r2°3 

797 

13 

Note  that  the  same  order  of  magnitude  prevails,  regardless  of  the  matrix  in 
which  the  rare  earth  finds  itself.  Thus,  the  values  for  rare  earths  are  not 
likely  to  be  much  different  for  1^0^  a3  compared  to  YyM^O^  or  T^Ga^O^.  Note 
also  the  reciprocal  relationship  between  ground-state  splitting  (Stark  compo¬ 
nents)  and  fluoreruunt  intensity  found  previously  for  I^CL  phosphors1-  This 
simple  fact  could  account  for  differences  observed  in  optimum  activator  concen- 
trations*  For  p3e:  Quenching  between  Ea  -i u  pairs  does  not  occur  at 
concentration  n  one  hundred  times  higher  than  that  observed  for.  ■  So  ''-Sm  J  pairs, 
yet  the  pro? ones  of  Sm  at  a  1?100  rai„c  in  Y?0_:Eu  causes  a  considerable 
quenching  of  Eu  emission  intensity,  ihus,  even  the  low  degree  of  ground- 
stat®  splitting  for  Eu*3  or  Tb+3  does  not  fully  explain  the  observed  effects. 

It  may  bo  ?oiw?J.uded  that  th8  two  factors  affecting  the  fluorescent  inten¬ 
sity  of  r->/'y!-earth  emission  in  the  oxides  are  (a)  the  degree  of  ground- state 
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splitting  and  (b)  tha  amount  of  quantum  mechanical  resonance  energy  transfer 
which  occurs  between  unlike  ions.  The  crystalline  field,  according  to  its  sym¬ 
metry  properties,  removes  the  degeneracy  of  a  given  state,  producing  Stark 
levels  (2J  +  1).  When  a  significant  degree  of  ground-state  splitting  occurs, 
vibronic  coupling  of  both  the  excited  and  ground  states  occurs,  resulting  in 
dissipation  of  excitation  energy  by  phonon  processes.  Such  phenomena  probably 
account  for  the  low  optimum  activator  concentration  determined  for  Sm+3  and 
Ey+3,  since  a  minimum  of  vibronic  coupling  is  mandatory  to  obtain  fluorescenea 
When  concentrations  are  increased  above  the  optimum,  interactions  between  cen¬ 
ters  increase  rapidly  and  phonon  vibrational  dissipation  of  energy  occurs. 

Ri+3  and  Tb+3,  being  much  less  affected  by  the  lattice  field,  can  be  tolerated 
at  much  higher  concentrations  before  fluorescence-quenching  begins  to  occur. 


It  is  interesting  to  calculate  the  number  of  cation  sites  occupied  by  the 
activator  per  unit  cell,  assuming  random  distribution.  There  are  thirty-two 
cation  sites  per  unit  cell1'’,  twenty-four  of  which  have  C,,  symmetry.  Table  V 
shows  the  calculated  sites  occupied  as  a  function  of  activator. 


TABLE  V 


Activator 


Sm+3 


Comparison  of  Sites  Occupied  in  Matrix 

Optimum  _ Sites  Occupied 

Concentration  per  Unit  Cell  per  5-Unit  Cells 

(raols/ool ) 

0.1500  12.0  60 


0.0250  2.0  10 

0.0015  1.2  6 

0.0100  .8  1* 


+1 

Note  that  even  the  Eu  activator  occupies  only  a  fraction  of  the  total 
available  sites.  In  fact,  just  half  of  the  sites  having  C„  symmetry  are  oc¬ 
cupied.  Because  there  are  three  times  as  many  C^  sites  as  S^  sites,  ono  would 
expect  nine  C-  sites  and  three  sites  having  S^  symmetry  if  random  distribution 
occurred.  Whether  all  possess  symmetry  is  unknown.  Note  that  only  one  Sa 
center  per  unit  cell  (80  atoms)  can  be  tolerated  without  producing  losses  in 
fluorescent  intensity. 


The  other  factor  of  resonance  energy  transfer  between  unlike  ions  within 

+  **  4.O 

the  lattice  also  affects  3.uminescence  adversely.  For  Eu  '  or  Tb  ,  dipole- 
dipole  or  dipole-quadrupole  r*r o.nanse  energy  transfer  between  unlike  ions 
causes  a  significant  loss  of  intensity  due  to  the  increased  degree  of  lattice 
vibronic  coupling  at  the  other  rare-earth  ion  site. 


59 


Some  factors  which  remain  to  be  explained  include  (a)  lack  of  host-sensi¬ 
tization  in  the  weakly  emitting  phosphors,  (b)  lack  of  excitation  "activator 
band"  for  Dy*  J  and  Sm  ,  (c)  the  mechanism  of  lattice  energy*  exchange  with  the 
activator  center,  (d)  t.<e  degree  of  exchange-coupling  between  two  centers, 
either  identical  or  different  cations,  (e)  the  total  mechanism  of  fluorescence¬ 
quenching  and  the  paths  which  energy  dissipation  can  take,  and  (f)  the  nature 
of  the  spectroscopic  transitions  within  the  various  activator  centers. 
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OPTIMUM  ACTIVATOR  CONCENTRATIONS 


X,  MOLS  OF  ACTIVATOR  PER  MOL  OXIDE 


OPTIMUM  ACTIVATOR  CONCENTRATIONS 


X,  MOLS  OF  ACTIVATOR  PER  MOL  OXIDE 

FIG.  I 


QUENCHING  EFFECT  OF  OTHER  RARE  EARTHS 
ON  Eu+S  EMISSION 


EFFICIENCY  OF  Eu+a  FLUORESCENCE  IN  OXYGEN- DOMINATED 

HOST  LATTICES 


Hans  J.  Borchardt 
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Wilmington,  Delaware 

ABSTRACT 


The  efficiency  of  Eu+3  fluorescence  in  a  variety  of 
rare  earth  oxygen-dominated  host  materials  was  measured 
under  excitation  by  2537  X  UV  at  25®C.  It  was  found  to  be 
of  the  3ame  order  as  that  of  the  commercial  phosphor  mag¬ 
nesium  arsenate :Mn  in  all  such  hosts.  To  account  for  the 
insensitiveness  of  efficiency  to  the  nature  of  the  host 
lattice,  it  Is  proposed  that  europium- oxy gen  states  are 
excited  directly  and  that  the  corresponding  absorption  co¬ 
efficient  is  of  a  magnitude  to  make  this  the  dominant 
absorption  process.  Independent  evidence  for  europium- 
oxygen  charge,- transfer  absorption  is  given. 

INTRODUCTION 


It  has  been  known  since  the  turn  of  the  century  that 
Eu*3  gives  rise  to  a  red  fluorescence  when  incorporated  in 
a  wide  variety  of  hosts'^'.  Such  materials  had  not  been 
considered  as  practical  phosphors  until  recently,  how- 
ever^2'.  It  was  first  pointed  out  by  the  writer  that  Eu+3 
(and  Tb+a),  in  certain  oxygen-containing  hosts,  fluoresces 
with  an  efficiency  comparable  to  that  of  commercial  phos¬ 
phors^',  High  efficiency  fluorescence  of  Eu+s-doped 
oxides  has  since  been  reported  by  other  workers ^0*0,7/ 
as  has  the  practical  utilization  of  such  materials  in  color 
television^2' .  It  is  the  purpose  of  this  paper  (1)  to  show 
tnat  high  efficiency  Eu+3  fluorescence  is  not  the  property 
of  a  few  isolated  hosts  but  rather  that  it  occurs  generally 
in  host  lattices  of  a  type  that  will  be  specified,  and  (2) 
to  offer  a  plausible  explanation  for  the  generality  of  the 
phenomenon, 
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The  high  efficiency  fluorescence  was  first  observed^  ) 
with  Eu*3-doped  rare  earth  tungstates  of  stoichiometry 
r2(W04)3  and  R2W06.  R  is  one  of  the  elements  Sc,  Y,  La, 

Gd,  and  Lu,  It  is  believed  that  these  elements  are  not 
directly  involved  in  the  fluorescence  process  but  function 
only  as  diluents  to  reduce  quenching  interactions  between 
europium  ions'®'.  After  this  finding  with  tungstates, 
molybdates  and  then  a  wide  variety  of  other  rare  earth 
oxygen- dominated  hosts  were  investigated.  It  was  from 
these  data  that  the  generalization  regarding  europium 
fluorescence  in  oxygen-dominated  hosts  emerged. 

EXPERIMENTAL 


Preparation  of  Materials 

The  compositions  listed  in  Table  I  were  prepared  in 
most  instances  by  direct  reaction  of  Eu203,  the  oxide  of 
one  of  the  above-cited  rare  earths,  and  a  third  oxide.  The 
powders  were  mixed  on  a  Crescent  "Wig-L-Bug"  and  fired  in 
air  in  platinum- lined  boats  .  Sample  weights  were  approxi¬ 
mately  1.5  g.  The  materials  were  generally  prefired  at 
500-600°  for  one  to  two  hours,  then  ground  and  fired  a 
second  time  at  high  temperatures.  The  maximum  firing 
temperatures  are  listed  in  Table  I,  (Yi-xEuxJaOa  compo¬ 
sitions  were  prepared  both  by  direct  reaction  of  the  con¬ 
stituent  oxides  and  by  coprecipitation  of  the  oxalates.  A 
considerably  higher  quantum  efficiency  was  obtained  with 
the  ccpreclpitated  materials  and  the  results  given  herein 
are  for  materials  prepared  in  that  fashion. 

To  assure  that  all  the  compositions  are  single  phases, 
the  pseudobinary  phase  diagrams  of  the  systems  R203-M0x 
(for  example,  Y203-Sr0)  were  determined  in  part.  This  work 
will  not  be  described  herein.  In  those  cases  where  the 
host  lattice  has  previously  been  reported,  a  reference  to 
prior  work  is  given  in  Table  I. 


Measurement  of  Relative  Emission  Intensities 


The  emission  intensities  were  measured  relative  to 
that  of  magnesium  arsenate,  manganese  activated.  The 
latter  was  obtained  from  the  National  Bureau  of  Standards 
as  "NBS  Standard  Sample  1030".  A  quantum  efficiency  of 
0.71  has  been  reported  for  "NBS  Standard  Sample  1030"  by 

Bril  and  van  Meurs-Hoekstra^) . 

The  apparatus  consists  of  (a)  a  Beckmann  Model  DU 
monochrometer  and  hydrogen  lamp  to  provide  the  incident 
UV  light,  (b)  a  Beckmann  diffuse  reflectance  attachment 
which  contains  sample  holders  and  means  for  focusing  the 
fluorescence  from  the  sample  onto  a  ground  glass  screen, 

(c)  a  Corning  3-69  filter  situated  adjacent  to  said  screen 
which  passes  the  fluorescence  and  filters  out  reflected 
exciting  radiation,  and  (d)  a  detector  which  is  situated 
adjacent  to  said  filter.  The  detector  is  a  Dumont  6911 
infrared  photomultiplier  which  is  used  in  conjunction  with 
a  Hamner  Model  N401  power  supply.  The  output  was  measured 
with  RCA  Model  WV-84C  microammeter.  The  relative  emission 
intensity  was  determined  by  exposing  the  sample  to  the  ex¬ 
citing  beam,  recording  the  detector  output,  exposing  the 
magnesium  arsenate :Mn  to  the  same  beam,  again  recording  the 
detector  output,  and  taking  a  ratio  of  these  readings. 

A  small  correction  must  be  made  because  the  detector 
is  slightly  more  sensitive  to  the  magnesium  arsenate :Mn 
emission  than  to  the  emission  from  Eu+3.  A  comparison  of 
the  respective  fluorescence  emission  spectra  with  the  de¬ 
tector  response  curve  supplied  by  the  manufacturer  shows 
this  correction  to  amount  to  The  values  in  Table  I  are 

the  measured  values  multiplied  by  1.07. 

Measurement  of  UV  Absorption 

The  reflectance  is  measured  directly  and  the 
absorption  is  taken  to  be  (1-  reflectance).  The  UV  re¬ 
flectance  (fraction  of  incident  light  which  is  reflected) 
is  measured  with  the  same  apparatus  described  above  for 
relative  emission  intensities,  with  the  exception  that 
(a)  a  Corning  7-5^  filter  is  employed  which  passes  the 
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reflected  UV  light  and  filters  out  the  fluorescence,  and 
(b)  a  1P28  photomultiplier  is  used  as  detector.  The  in¬ 
tensity  of  the  incident  light  is  determined  by  allowing  it 
to  reflect  off  a  USP  magnesium  carbonate  block  (whose  re¬ 
flectance  is  taken  as  unity)  into  the  detector.  With  the 
geometry  identical,  the  sample  is  substituted  for  the 
magnesium  carbonate  block  and  the  ratio  of  detector  read¬ 
ings  with  sample  and  carbonate  block  is  taken  as  the  re¬ 
flectance.  The  reflectance  of  the  magnesium  arsenate :Mn  o 
was  found  to  be  0.06;  i.e.,  9^  of  the  incident  (JV  (2537  A) 
is  absorbed.  Prom  these  numbers  it  is  seen  that  the  UV 
absorption  is  very  insensitive  to  experimental  errors.  In 
this  instance,  a  100%  error  in  the  measured  reflectance 
causes  only  a  6$  error  in  absorption. 

o 

Both  absorption  and  emission  were  measured  at  2537  A. 
Quantum  Efficiency 

The  quantum  efficiency  of  the  subject  materials  rela¬ 
tive  to  that  of  magnesium  arsenate :Mn  is  readily  calculated 
from  the  above  measurements  by  means  of  the  formula 

QEu  _  ^eEuAeArs 
^Ars  ^aEu/^-aArs 

where  the  subscripts  nEu"  and  "Ars"  refer  to  the  europium 
phosphor  and  magnesium  arsenate :Mn  respectively,  where 
IeEu/leArs  is  the  ratio  of  emission  intensities  and  Ia, 
the  UV  absorption.  Introducing  the  value  of  0.71  for  QArs 
gives  Qgu.  This  method  of  determining  quantum  efficiencies 
is  discussed  by  Tregellas-Williams . 

RESULTS 


The  results  are  summarized  in  Table  I.  The  various 
hosts  that  were  prepared  and  the  respective  Eu+3  doping 
levels  are  given  in  the  first  two  columns.  (The  actual 
material  that  was  prepared  would,  for  the  case  of  the  first 
entry,  be  (Yo. 9EU0. i )2Sr04. )  The  Eu+3  concentration  at 
which  the  brightest  emission  occurs  was  found  to  be  in  the 
range  of  10’ s  of  percents.  Within  this  range  there  is  a 
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regular  variation;  the  more  atoms  per  formula,  the  higher 
the  optimum  Eu+3  concentration.  This  is  illustrated  in 
Figure  1  which  shows  curves  of  relative  emission  intensity 
versus  Eu+3  concentration  for  a  number  of  hosts. 

The  emission  intensity  relative-  to  magnesium 
arsenate^Mn,  the  (JV  absorption,  and  quantum  efficiency,  all 
at  2.337  A,  are  tabulated  in  columns  3-3,  respectively.* 

DISCUSSION 


Empirical  generalization 

A  striking  result  is  that  the  quantum  efficiency  of 
the  materials,  although  lower  than  that  of  magnesium 
arsenate :Mn,  is  of  the  same  order  of  magnitude  as  that  of 
this  commercial  phosphor.  It  is  well  known  that  the 
efficiency  of  a  new  phosphor  can  generally  be  improved  by  a 
factor  of  2  or  3  by  optimizing  the  method  of  preparation 
and  adjusting  composition.  The  magnesium  arsenate :Mn 
standard  (obtained  by  the  NBS  from  lamp  manufacturers)  is 
such  an  optimized  material  whereas  the  europium  phosphors 
of  Table  I  are  not.  This  further  narrows  the  gap  between 
the  efficiency  of  these  materials  and  commercial  phosphor. 

It  may  be  noted  that  the  hosts  include  a  rather  broad 
range  of  elements,  namely,  elements  from  Groups  II,  III,  IV, 
V,  and  VI  of  the  Periodic  Table.  This  suggests  the  fol¬ 
lowing  generalization:  Eu+3  fluoresces  very  efficiently 
(e.g.,  of  the  same  order  as  commercial  phosphors  which  pre¬ 
sumably  have  quantum  efficiencies  in  the  range  60#  to  100^) 
in  all  crystalline  oxygen-dominated  host  lattices  at  room 


*  In  Reference  3,  quantum  efficiencies  in  excess  of  80$  are 
cited.  This  referred  to  (Yi-xEux)g03  compositions  and  was 
based  on  a  quantum  efficiency  of  .85  for  magnesium 
arsenate :Mn,  the  value  in  the  literature  at  that  time'^'. 
In  Reference  8,  a  quantum  efficiency  of  unity  is  cited. 

This  referred  also  to  (Yi-xEux)a03  compositions,  but  under 
2400  A  excitation. 
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o  4*0 

temperature  under  2557  A  UV  where  the  cations  are  only  Eu  3 
and  one  or  more  from  the  group  Sc,  Y,  La,  Gd,  and  Lu  and 
where  the  Eu+3  concentration  is  in  the  range  of  10* s  of 
percents.  Excluded  from  this  generalization,  of  course, 
are  such  colored  hosts  as  would  absorb  this  emission. 

The  efficient  fluorescence  of  Eu+3,  or  for  that 
matter  any  phosphor  "activator"  in  such  a  wide  variety  of 
hosts,  is  a  new  phenomenon.  It  is  of  interest  to  speculate 
upon  the  underlying  cause  for  the  insensitiveness  of 
fluorescent  efficiency  to  the  nature  of  the  host. 

Fluorescence  Mechanism 

It  seems  likely  that  the  mechanism  of  fluorescence 
which  gives  rise  to  high  quantum  efficiency  in  the  variety 
of  hosts  is  essentially  the  same  in  each  of  these  hosts. 
This  requires  that  all  steps  in  the  fluorescence  process, 
absorption,  excitation  and  emission  may  involve  only  ele¬ 
ments  that  are  common  to  all  the  materials;  these  common 
elements  are  europium  and  oxygen.  Emission  is  known  to 
originate  from  excited  4f  states  of  Eu+3.  The  only 
question  then  Is  whether  Eu'7'3  is  excited  directly  or 
whether  europlum-oxygen  states  are  involved  in  absorption. 
For  reasons  given  below,  we  believe  that  europium-oxygen 
states  are  excited  first.  The  overall  mechanism  then  is 
postulated  to  be  absorption  by  europium-oxygen  groups  re¬ 
sulting  in  the  excitation  of  charge  transfer  states  (e.g., 
Eu+2-Q“),  relaxation  of  these  leaving  Eu+3  in  an  excited 
4f  state  and  emission  from  said  excited  Eu+3  ion. 


Evidence  for  Eu-0  Charge -Transfer 


1.  Competition  for  Incident  UV  with  Charge-Transfer 
Absorbers 


Charge-transfer  absorption  Involves  very  large  absorption 
coefficients.  In  order  for  europium  to  fluoresce 
efficiently,  it  must  be  able  to  compete  effectively  with 
other  host  constituents  for  the  incident  UV.  Some  of  these 
host  constituents  may  be  charge- transfer  absorbers. 
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An  example  of  competitive  charge- transfer  absorption 
by  a  host  constituent  is  found  in  the  case  of 
(Gdo.eEuo. 2)2(1^004)3.  At  77°K  the  fluorescence  emission 
spectrum  of  this  material  shows  both  the  broad  band  mo¬ 
lybdate  fluorescence  as  well  as  the  line  emission  of  Eu+3. 
This  indicates  that  energy  transfer  from  Mo04~  to  Eu+S  is 
not  occurring.  The  quantum  efficiency  with  respect  to 
Eu+S  emission  (quanta  emitted  by  Eu+3/total  quanta 
absorbed)  is  found  to  be  approximately  0.6  at  this  temper¬ 
ature.  Therefore,  absorption  by  europium  must  be  greater 
than  the  absorption  by  Mo04=.  The  absorption  by  M0O4”  is 
known  to  be  extremely  intense  and  is  believed  to  involve 
charge-transfer  processes ( ' .  The  absorption  coefficient 
of  europium  must,  therefore,  be  greater  than  that  of  this 
particular  charge- transfer  absorber,  and  it  is,  therefore, 
likely  that  the  absorption  by  europium  also  involves  a 
charge- transfer  process  (e.g.,  excitation  of  Eu-0  states). 

2,  Interpretation  of  Reflectance  Spectra. 

Additional  evidence  for  charge-transfer  absorption  by 
europium-oxygen  states  is  implicit  in  the  reflectance 
spectra  of  the  rare  earth  oxides  shown  In  Pig.  6  of  Refer¬ 
ence  8.  The  spectra  of  the  oxides  of  Sc,  Y,  La,  and  Lu 
show  broad  UV  absorption  bands  which  are  attributable  to 
charge-transfer  absorption  states  involving  the  rare  earth 
element  and  oxygen.  A  similar  absorption  band  is  seen  in 
EU2O3,  except  that  it  extends  slightly  further  to  long  wave 
lengths.  This  similarity  suggests  that  the  band  in  EuaC>3 
is  due  to  charge -transfer  absorption. 

If  this  band  were  not  due  to  excitation  of  Eu-0 
states,  it  would  have  to  be  due  to  excitation  of  Eu+3 
alone.  If  this  were  the  case,  a  similar  band  should  be 
seen  in  europium  compounds  which  contain  no  oxygen  such  as 
EuP3.  The  reflectance  spectrum  of  EuP3  Is  shown  in  Fig.  2. 
The  broad  UV  absorption  band  of  EuaOa  Is  seen  not  to  be 
present . 
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Miscellany 

1.  Energy  transfer. 

* 

Emphasis  has  been  placed  upon  localized  absorption  by  Eu-O. 
We  do  not  wish  to  imply  thereby  that  absorption  by  the  host 
and  energy  transfer  to  Eu+3  is  either  not  occurring  or  not 
important.  The  only  assertion  being  made  is  that  such 
processes  are  not  the  underlying  cause  for  the  order  of 
magnitude  generalization  regarding  efficiency.  It  is  very 
likely ,  however,  that  the  detailed  variation  in  quantum 
efficiency  from  host  to  host  seen  in  Table  I  is  due  pri¬ 
marily  to  variations  in  the  degree  of  such  competitive 
absorption  by  and  energy  transfer  from  the  host. 

2.  Role  of  host  cation 

The  experimental  work  involved  only  hosts  with  the  rare 
earth  cations  Sc,  Y,  La,  Gd,  and  Lu.  The  proposed  mecha¬ 
nism  does  not  refer  to  these  at  all.  Presumably  any  cation 
which  would  serve  to  dilute  the  Eu+3  and  which  would  not 
interfere  with  the  optical  processes  could  be  used. 

3.  Mode  of  excitation. 


Experimental  work  was  with  2537  A  UV.  Prom  the  proposed 
mechanism  it  follows  that  UV  anywhere  in  the  range  where 
Eu-0  charge- transfer  absorption  occurs  would  efficiently 
excite  fluorescence.  If  our  interpretation  of  the  re¬ 
flectance  spectrum  is  correct,  this  would  be  at  wave  lengths 
anywhere  below  approximately  2800  A  (Pig.  6b,  Ref.  8).  Ac¬ 
cording  to  the  proposed  mechanism,  the  4f  electrons  of  Eu 
are  very  effectively  coupled  to  the  host  via  Eu-0  charge- 
transfer  states.  The  latter  are  said  to  have  a  large 
absorption  coefficient.  Thus  the  excitation  cross  section 
of  Eu  is  very  large  and  presumably  any  means  for  generating 
approximately  4-6  e.v.  units  of  excitation  In  the  host  would 
excite  fluorescence.  These  might  include  x-ray,  cathode 
rays,  etc. 
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TABLE  I 


Bull 

Quantum  Efficiencies 

in  Various 

[lost  Lattices 

host  Lattice 

Eu+3  Cone . ^ 

IeK„/IeArS(b) 

la 

iaKu  . 

qW 

Firing  Temp. 

(c) 

Reference'  ' 

Y2Sr04 

0.1 

0.43 

0.86 

0.33 

1400’C 

_ 

CdjSrO« 

0.1 

0.41 

0.87 

0.31 

" 

— 

YCaOa 

0.2 

0.45 

0.87 

0.34 

" 

— 

LaGaOs 

0.2 

0.17 

0.92 

0.12 

" 

12,1* 

YsGasOn 

0.2 

0.50 

0.82 

0.41 

" 

1* 

GdaGa sO 52 

0.2 

0.62 

0.82 

0.50 

15 

YB03 

0.2 

0.25 

0.61 

0.27 

16 

GdBOa 

0.2 

0.33 

0.70 

0.32 

1100’ 

16 

La (B02) 3 

0.2 

0.53 

O.93 

0.38 

1000° 

16 

LasGeOs 

0.2 

0.22 

0.93 

0.16 

1500° 

17 

GdjGeOs 

0.2 

0.38 

O.87 

0.29 

1200* 

_ 

YaGe^O? 

0.2 

0.38 

0.64 

0.40 

1400’ 

17 

LaP04 

0.2 

0.42 

0  82 

0.34 

1200’ 

16 

GdP04 

0.2 

0.44 

0.72 

0.41 

*1 

... 

SCi(MoO«)3 

0.3 

0.17 

0.92 

0.12 

900’ 

... 

Y2(Ho04)3 

0.2 

0.23 

0.94 

0.16 

It 

1* 

La2(Mo04)  3 

0.3 

0.15 

0.93 

0.11 

16 

Gda(Mo04)j 

0.3 

0.23 

0.94 

0.16 

II 

...» 

Lu»(Mo04)  j 

0.3 

0.15 

0.95 

0.11 

" 

... 

Y=W0o 

0.1 

0.60 

0.91 

0.44 

1400’ 

3 

Scj(W04) 3 

0.2 

0.19 

O.94 

0.14 

1000’ 

6 

Y»(W04)3 

0.2 

0.14 

0.95 

0.10 

" 

o 

Laj(V04)3 

0.4 

0.32 

0.93 

0.23 

" 

6 

Gda(W04)3 

0.4 

0.39 

0.93 

0.28 

II 

c 

Lua(W04)3 

0.2 

0.17 

0.95 

0.11 

II 

c 

Ya03 

0.08 

0.78 

0.80 

0.69 

1400’ 

(a)  Expressed  as  mole  fraction  of  rare  earth  Ions. 

(bj  Under  2537  A  at  roots  tempera ture. 

('•■)  Where  no  reference  Is  given,  the  host  lattice  hos  not  been  previously  reported. 


•  (Y,.x  Eux)203 
0  (  Y|_x  Eux  )2  W06 
□  (La.|-x  Eux)2(W04  )3 
8  (  Gd  | _x  Eux)2  (W04)3 
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ON  THE  ENHANCEMENT  OF 
THE  FLUORESCENCE  OF  AQUEOUS  SOLUTIONS  OF 
NEODYMIUM,  SAMARIUM  AND  DYSPROSIUM  CHLORIDES* 

Adam  Heller 


General  Telephone  Electronics  Laboratories  Inc. 
Bay  aide.  New  York 


ABSTFACT 

Substitution  of  H2O  by  D2O  enhances  the  fluorescence  of 
aqueous  solutions  of  the  chlorides  of  trivalent  neodymium, 
samarium  and  dysprosium.  The  fluorescence  of  the  two 
latter  weakly  absorbing  ions  is  further  intensified  by  ener¬ 
gy  transfer  from  water  soluble  organic  compounds  in  their 
triplet  state.  The  minimum  deute ration  enhancement  fac¬ 
tors  are  four  for  neodymium,  fourteen  for  samarium  and 
one  hundreid  for  dysprosium.  The  sensitizing  triplets  en¬ 
hance  the  fluorescence  of  samarium  and  dysprosium  by  an 
order  of  magnitude. 

The  emission  spectra*  of  the  H2O,  D2O,  sensitized  or  un¬ 
sensitized  solutions  of  any  of  the  ions  are  identical.  The 
dominant  emission  lines  are  10^550  A  for  neodymium, 

5947  k  for,  samarium  and  4795  A  for  dysprosium. 

This  Study  was  undertaken  to  evaluate  the  attainable  enhancement  of  the 
intensity  of  luminescence  of  aqueous  solutions  of  neodymium,  samarium 
and  dysprosium  and  to  obtain,  through  the  enhancement  techniques,  emis¬ 
sion  spectra. of  improved  resolution.  Although  the  emission  spectra  of 
trivalent  neodymium,  samarium  and  dysprosium  have  been  studied  in  de¬ 
tail  in  various  crystalline  matrices,  little  work  has  been  done  on  the 
emission  of  their  aqueous  solutions.  The  reason  for  this  may  be  sought 
in  the  extremely  weak  intensity  of  emission  of  the  aqueous  ions.  The 

weakness  of  the  fluorescence  is  not  due  to  absorption,  since  the  extinc- 

•  \ 

tion  length  of  water  exceeds  1  cm  up  to  13, 000  A,  but  rather  to 


*  Work  done  in  part  at  the  Bell  Telephone  Laboratories,  Murray  Hill, 
New  Jersey. 
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radiationless  relaxations  from  the  excited  states  and  to  insufficient  ab¬ 
sorption  of  the  pumping  radiation  by  some  of  the  ions.  Kropp and  Windsor 

found  that  the  radiationless  de-excitation  can  be  at  least  partially  elimi- 

2  3 

nated  by  substituting  D^O  for  H^O.  *  A  similar  effecthas  been  reported 

in  hydrated  crystals  by  Freeman,  Crosby  and  Lawson.^  Heller  and 
5 

Wasserman  suggested  that  broad  pumping  bands  could  be  attained  in 
dilute  solutions  of  rare  earth  ions  by  energy  transfer  from  organic  mole¬ 
cules  in  their  triplet  state.  In  this  process  aromatic  aldehydes  and 
ketones,  which  are  excitable  in  broad  absorption  bands,  undergo  inter¬ 
system  crossing  to  their  triplet  state  and  lose  their  energy  in  a  diffusion 
controlled  process  to  the  ion. 


The  present  study  extends  these  results  from  organic  to  aqueous  solu¬ 
tions,  and  includes  as  energy  acceptors  samarium  and  dysprosium  in 
addition  to  the  previously  investigated  terbium  and  europium  ions.  The 
water-soluble  compound  chosen  to  sensitize  the  samarium  ion  >vas  di¬ 
potassium  1,  5-dibenzoylnaphthalenedisulfonate.  Dysprosium  was  sensi¬ 
tized  by  dipotassium  4,  4-benzophenone-dimethylenesulfonate.  The 
choice  of  the  sensitizers  resulted  from  considerations  of  triplet  energy 
and  solubility.  For  efficient  energy  transfer,  it  was  found  desirable  to 


have  the  triplet  energy  slightly  above,  yet  close.'  to,  the  energy  required 

5 

to  excite  the  rare  earth  ion.  The  energy  of  1-benzoylnapthalene  triplet 

- 1  6 

is  approximately  20,  000  cm  ,  slightly  exceeding  the  energies  of  the 

4  4  - 1  - 1  8 

F^/2  and  states  of  samarium  at  19,000  cm  and  18,00Ccrrf  . 

The  energy  of  benzophenone  triplet  is  approximately  24,  000  cm"^,  ^ ,  just 

4  4  4. 

above  the  energy  of  the  F^,  I15/2  and  *Gh/2  states  of  dysprosium 

at  about  21,  000,  22,  000  and  23,  000  cm 


Experimental 


The  measurements  were  carried  out  on  0. 1  M  rare  earth  chloride  solu¬ 
tions.  Analysis  of  the  99.9%  anhydrous  rare  earth  chlorides  indicated  a 
98%  purity  of  the  material  by  combined  rare  earth  and  chloride  analysis; 
the  remaining  2%  was  assumed  to  be  water.  The  heavy  water  was  99.7% 
in  deuterium  oxide.  In  the  sensitized  solutions  the  concentration  of  the 


sensitizer  was  0.  01  M.  To  prevent  transferring  triplets  from  being 
quenched  by  oxygen  and  to  avoid  contact  with  atmospheric  humidity,  all 
operations  were  carried  out  in  a  nitrogen  atmosphere.  Measurements 
were  made  on  sealed  samples  in  pyrex  ampules  of  1  cm  diameter.  In¬ 
tensity  measurements  were  reproducible  within  better  than  ±10%.  The 
reported  excitation  spectra  correspond  to  light  emitted  by  a  700-watt 
Hanovia  high-pressure  xenon  lamp  filtered  through  a  1-64  Corning  filter 
and  attenuated  by  the  1.  5  mm  wall  of  the  pyrex  ampule.  The  enhance¬ 
ment  factor  due  to  sensitization  depends  on  the  spectrum  of  the  light 
source,  the  cell  thickness,  and  the  concentrations  of  the  components. 
Therefore,  the  sensitization  enhancement  factors  reported  here  are 
rigorously  correct  only  for  the  particular  source,  cell  and  concentra¬ 
tions  employed. 

The  emission  spectra  are  corrected  for  the  detector  response  of  the 
RCA  7265  and  the  RCA  7201  photomultipliers  used. 

Results 

Figure  1  shows  the  emission  spectra  of  neodymium  chloride  in  D^O  and 
in  H^O,  A  four-fold  enhancement  is  observed.  This  and  following 


Fig.  1.  Emission  spectra  of  0.  1  M  NdClg  in  H^O  and  in  D^O. 
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enhancement  factors  should  be  regarded  only  as  minimum  values,  since 
the  H^O  still  present  may  induce  nonradiative  transitions;  its  r  .noval 
should  lead  to  further  enhancement  of  the  luminescence.  The  aominant 

o 

emission  occurs  at  10,  550  A  and  corresponds,  by  analogy  to  the  results 

8 

of  Dieke  and  Crosswhite  on  the  energy  levels  of  the  free  ion,  to  the 
4  4 

familiar  Fo/0-*  I..  , transition.  The  second  transition  observed  is 

A  A  3'2  11/? 


3/2 


Tg^2  at  8850  A.  No  attempt  has  been  made  to  sensitize  the 


neodymium  emission  because  the  ion  has  extensive  absorption  bands  for 
direct  pumping.  Since  the  signal-to-noise  ratio  with  the  available  7102 
photomultiplier  was  poor,  no  high-resolution  spectroscopy  could  be  done 
on  aqueous  neodymium  chloride. 


The  emission  spectrum  of  sensitized  samarium  chloride  in  D.,0  is  shown 
in  Fig.  2.  The  emission  spectra  of  the  ion  in  sensitized  H^O  and  in  non- 
sensitized  D^O  and  H^O  solutions  seem  to  be  identical  with  the  emission 
spectrum  in  the  sensitized  D^O  solution.  To  compare  the  intensities, 

o 

the  5947  A  line  emissions  of  the  H-,0  and  non-sensitized  solutions  are 
presented.  The  enhancement  due  to  the  deuteration  of  the  solvent  is  at 


WAVELENGTH  (A) 


Fig.  2.  Emission  spectrum  of  0.  1  M  SmClj  in  D2O  sensitized  by  0.  1  M 
dipotassium  1,  5 -dibenzoylnaphthalene  disulfonate.  The  re¬ 
lative  intensities  of  the  non-sensitized  D2O,  sensitized  H2O 
and  non-sensitized  H2O  solutions  are  indicated  for  the  strongest 
emission  line. 
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WAVELENGTH  (A) 

o 

Fig.  3.  Excitation  spectra  for  5  947  A  emission  of  0. 1  M  SmCl3  solu¬ 
tions  in  D 2O.  The  upper  curve  shows  the  excitation  spectrum 
of  a  solution  to  which  0.  01  M  dipotassium  1,  5-dibenzoyl- 
naphthalene  disulfonate  has  been  added. 

least  fourteen-fold.  The  addition  of  the  sensitizer  increased  the  emit- 
tance  ten-fold,  and  therefore  the  lines  were  intensified  one  hundred  and 
forty-fold  relative  to  those  of  the  non-sensitized  H-,0  solution. 

o 

The  dominant  emission  occurs  at  5947  A  and  indicates  the  presence  of 
at  least  two  lines.  Other  transitions  at  5605,  6455,  7040,  7800,  8870 

0 

and  9300  A  have  been  observed.  By  analogy  with  the  results  on  the  free 

4 

ion,  these  wavelengths  correspond  to  transitions  from  the  Gc  state, 

6  8 

with  the  dominant  transition  terminating  in  the  state. 

Figure  3  presents  the  excitation  spectra  of  sensitized  and  non-sensitized 
heavy  water  solutions  of  samarium  chloride.  The  excitation  lines  due 
to  the  direct  absorption  by  the  ion  are  observed  in  both.  The  sensitized 
solution  has  an  additional  broad  pumping  band  which  is  attributable  to 
absorption  by  and  energy  transfer  from  the  conjugated  system  of  1,5-di- 
benzoylnapthalene . 


The  spectrum  of  fluorescence  of  sensitized  dysprosium  chloride  in 
heavy  water  is  shown  in  Fig.  4.  The  limiting  lowest  enhancement  factor 


D20  +  SENSITIZER 


Fig.  4.  Emission  spectrum  of  0.  1  M  Dyd.3  in  D2O  sensitized  by 

0.01  M  dipotassium  4,  4' -benzophen  one -dimethylene  sulfonate. 
The  relative  intensities  for  the  strongest  emission  line  are 
indicated  for  non- sensitized  D2O  and  sensitized  H2O  solutions. 
The  non- sensitized  H2O  emission  is  too  close  to  the  baseline 
to  be  seen. 


due  to  deuteralion  is  one  hundred.  Sensitization  increases  the  emittance 
eight-fold,  and  therefore  results  in  an  overall  eight  hundred-fold  en¬ 
hancement  of  the  fluorescent  radiation  relative  to  that  of  the  unsensitized 
aqueous  solution.  The  emission  wavelengths  are  4795,  5735,  7180, 

o 

7500  and  8350  A.  The  dominant  first  transition,  as  well  as  the  third 

transition,  are  split  into  at  least  two  components.  These  transitions 

4  6 

probably  orginate  in  the  FQ state  and  terminate  in  1  series  of  H 

'  ^  4  6  8 

states,  the  dominant  transition  being  F q/2-* 

Figure  5,  which  shows  the  excitation  spectra  of  sensitized  and  non- 
sensitized  heavy  water  solutions  of  dysprosium  chloride,  resembles 
Fig.  3.  Here  again  the  spectra  consist  of  the  dysprosium  absorption 
lines  which,  in  the  case  of  the  sensitized  solution,  are  superimposed 
on  the  broad  pumping  band  due  to  the  conjugated  system  of  benzophenone. 
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Fig.  5. 


D2O.  The  upper  curve  shows  the  excitation  spectrum  of  a  solu¬ 
tion  to  which  0.  01  M  dipotassium  4,  4'benzophenone-dimeth- 
ylene sulfonate  has  been  added. 


Discussion 

The  data  presented  indicate  that  the  enhancement  of  the  emission  by- 
combined  deuteration  and  sensitization  may  be  of  two  or  even  three 
orders  of  magnitude.  The  concentration  of  HDO  in  a  99*  7%  D^O  solu¬ 
tion  is  still  0.33  M,  exceeding  by  more  than  three-fold  the  rare  earth, 
and  more  than  thirty-fold,  the  sensitizer  concentrations.  This  rela¬ 
tively  high  concentration  combined  with  the  rapid  diffusion  of  HDO  in 
D^O  suggest  that  all  the  present  and  the  previously  reported  enhance  - 
ment  factors  are  minimum  values.  To  make  them  more  meaningful, 
the  HDO  concentration  and  the  bimolecular  quenching  constants  of  the 
HDO  for  the  rare  earth  under  consideration  must  be  stated.  An  attempt 
to  measure  such  a  constant  is  shown  in  Fig.  6,  which  describes  the 
quenching  of  europium  perchlorate  emission  by  H^O.  Obviously,  the 
quenching  is  net  proportional  to  the  concentration  of  H^O,  since  small 
amounts  of  ^O  cause  a  strong  decline  in  the  fluorescence  intensity, 
and  even  pure  H^O  solutions  exhibit  some  fluorescence.  As  might  be 
expected  and  as  indicated  by  the  linear  dependence  of  the  inverse  of  the 


0  I  234  5  6  7  8 

PERCENT  H20 

Fig.  6.  Variation  of  the  fluorescence  intensity  of  a  0.  1  M  EufClOq^ 
solution  in  D^O  with  the  concentration  of  the  H2O  present. 

The  straight  line  shows  the  variation  of  the  inverse  of  the 
luminescence  with  the  H^O  concentration. 

fluorescence  intensity  on  the  H^O  concentration,  the  Stern  Volmer  re¬ 
lation  is  obeyed.  The  increase  in  concentration  of  H^O  required  to 
lower  the  fluorescence  to  50%  of  its  initial  value  is  approximately  2%. 

The  question  may  be  raised  whether  the  energy  transfer  between  the 
anionic  sensitizer  and  the  rare  earth  cation  is  intermolecular  or  intra¬ 
molecular.  The  experimental  evidence  indicates  that  the  energy  transfer 
is  intermolecular:  the  emission  spectra  of  the  rare  earths  are  not 
changed  on  sensitization  at  the  sensitizer  concentrations  employed.  Had 
a  new  species  been  formed,  a  new  symmetry  would  arise,  leading  to  a 
change  in  the  spectrum.  Furthermore,  the  sensitized  emission  is 
quenched  by  oxygen.  Had  there  been  a  stable  compound  between  the  ion 
and  the  energy  donor  (as  occurs  in  the  rare  earth-f3-diketone  chelates), 
the  energy  transfer  would  not  be  oxygen  quenched;  this  is  because  the 
probability  of  the  sensitizer  being  in  the  proximity  of  the  rare  earth  ion 
would  always  greatly  exceed  the  probability  of  its  meeting  an  oxygen 
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molecule.  However,  the  question  on  the  intermolecular  or  intramole¬ 
cular  transfer  in  these  aqueous  systems  depends  largely  on  our  defini¬ 
tion,  as  hydrated  pairs  of  rare  earth  cations  and  sensitizer  anions  are 
undoubtedly  present. 
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ABSTRACT 


A  systematic  study  of  the  optical  properties  of  rare-earth 
cyclopentadienides  was  started.  These  compounds , where  the  rare- 
earth  ion  is  bound  to  a  f i ve-membered  aromatic  ring,  are  very  air 
sensitive. This  required  the  use  of  suitable  handling  techniques 
in  order  to  take  absorption  spectra  at  low  temperatures. 

Most  rare-earth  tricycloperitadienides  have  been  studied  at  78°K, 
both  as  sublimed  fil-ms-and  as  solutions  in  2  Me-THF.The  spectrum 
of  Ndcp^  has  been  studied  in  detail  at  liquid  helium  temperatures, 
Many  of  the  undiluted  rare-earth  cyclopentadienides  show  fluores- 

I  ' 

cence  associated  with  the  aromatic  ligand(Gd  cp^;Ce  cp^;La  cp^ ; 

Eu  ep0)and  broad  absorption  bands  at  rather  low  energies. 

\  Complex  chemistry  is  shown  by  Ytterbium  in  its  reactions  with 
cyclopentadiCne.The  composition  of  sublimed  phases  is  discussed 
on  the  basis  of  their  infrared  and  optical  spectra. 


The  rare-earth  cyclopentadienides  [  Ln(C  H  )  or  Ln  cp-  ] 

5  5  3  3 

and  their  derivatives  are  at  present  the  only  known  metallo-orgaric 


(1  2  ) 

compounds  of  rare-earths.  ’  In  view  of  this, and  of  the 


unusual 


properties  of  the  cyclopentadienyl s  of  the  first  transition  series, 
a  spectroscopic  study  of  the  corresponding  rare-earth  compounds 
seemed  justified.  Here  was  apparently  a  class  of  compounds  where 


PRECEDING  PAGE  BLANK 


88 


T 


'"icy  or  t ] i o  fj  f — cl  cct  rons  ..I’j'it  ’>o  quite  important* 

'm '■'rcr  po« sibil i+-  wis  Mt?.t  in  H v ? o  cf*“,po,>r,ds  th*3  tra,5<,fcr  of 
pilot  on  energy  from  the  organic  ligand  to  the  4f— levels  might  bo 
suitable  for  energy-conversion  processes,  ^or  these  reasons  a 
study  of  the  optical  properties  of  these  systems  was  begun. 
Experimental :  Since  the  com  pounds  in  question  are  air-sensitive, 

i<  <  » 

all  manipulations  were  performed  under  nitrogen  or  in  vacuo.  In 

the  preparation  of  the  samples  due  attention  was  given  to  the 

purity  of  reactants  and  solvents , especially  with  respect  to  water 

impurities.  So  far  we  have  prepared  most  of  the  rare-earth  tri- 

cyclopentadienides  using  the  procedure  introduced  by  Birmingham 

(1) 

and  Wilkinson,  that  is  by  the  r.ietathetical  reaction: 

THF 

LnCl3  +  3  Na  cp  -i-->  Ln  cp^  +  3  Na  Cl  (1) 

Other  reactions  of  this  type  were  carried  out  in  diethyl  ether  and 
liquid  ammonia. 

For  most  of  the  products  we  took  spectra  with  a  Cary  14 
Spectrophotometer,  both  at  room  temperature  and  at  70°K.  The  pro¬ 
ducts  were  either  studied  as  sublimed  films  or  as  solutions  of 
such  sublimates  in  tetrahydrofuran  or  2-Methyl-tetrahydrofuran. 

Up  to  now  we  have  studied  at  liquid  helium  temperatures  only  the 
spectrzP^of  Nd  cp^  in  2-Me-TliF.  The  spectroscopic  data  in  the 
range  of  the  Cary  14  Spectrophotometer  were  further  supplemented 
by  the  IR  spectra.  For  this  purpose  we  used  a  rather  simple  device* 
which  incorporated  the  features  of  sublimator,  IR  cell  and  cryo  - 
stat.  The  raw  Ln  cp^  were  introduced  in  the  device, films  were  sub- 
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limco  m  a  sodium  chloride1  plate  and  the  IR  spectra  taken  with  a 
Perkin- Elmer  5-1*  The  device  was  then  transferred  to  the  Cary  14 
and  the  samples,  always  kept  in  a  vacuum,  were  studied  at  room 
temperature  and  at  78°K.  By  a  suitable  modification  of  the  Cary  Yi 
we  could  also  take  low-temperature  reflection  spectra*  Some  of 
these  reflection  spectra  compared  quite  favourably  with  the  dif¬ 
fuse  transmission  spectra. 

Results :  Vie  would  like  to  mention  now  some  preliminary  results  of 
our  survey  study  of  these  systems. 

a)  ponding  effects.  First  of  all,  the  effect  of  the  bonding  to  a 
C^H~  group  on  the  4f-electronic  levels.  Already  from  the  solu¬ 
tion  spectra  of  Pr  cp^  and  Er  cp^  in  THF,  as  reported  by  Birming- 


(1) 

ham  and  Viikinson  ,for  the  visible  region  of  the  spectrum, one 


could  infer  that  in  the  etherates  of  Ln  cp^  no  spectacular  alter¬ 


ations  of  the  energetics  of  the  4fn-levels  took  place.  This  we 


confirmed  also  in  the  case  of  sublimed, unsolvated  Ln  cp^.  As 
typical  examples  we  could  take  the  cases  of  Ce  cp_;  Ho  cp_  and 


the  unusual  strongly  coloured  Yb  cp^.  (?ig  1  to  3), 

There  are  of  course  shifts  in  the  position  of  the  J-raanifolds 
when  one  compares  these  spectra  to  those  of  more  familiar  systems, 
but  they  are  of  the  same  order  of  the  shifts  one  observes  for  in¬ 
stance  in  a  series  of  halide  compounds  in  going  from  fluorides 
to  chlorides  etc^^So  the  4f-electrons  would  seem  scarcely  affect¬ 
ed  by  the  bonding.  This  is  not  in  contrast  with  the  observed  sol¬ 
ubility  properties  and  volatility  of  Ln  cp^  and  their  derivatives. 


90 


The  latter  do  not  necessarily  imply  covalent  bonding  within  the 
molecule,  but  simply  a  weak  intramolecular  attraction.  Ionic  bond¬ 
ing  is  also  confirmed  by  the  ease  of  hydrolitic  attack. 

b)  Fluorescence  properties.  We  observed  line  fluorescence  in  undi¬ 
luted  sublimates  of  Tb  cp^ ;  Sm  cp^  and  Dy  cp^  under  3660  A  ex¬ 
citation.  Eu  cp^  has  not  been  isolated  yet.  Other  undiluted  cyclo- 
pentadienides  show  intense  band  emission.  The  intense  blue  fluor¬ 
escence  of  Gd  cp^  and  a  weaker  La  cp^  emission  have  been  already 

C5) 

reported/  Ce  cp^  shows  a  pronounced  red  emission  (peak  at  I69OO 

-1  -1  -1 
cm  at  RT;at  1835®  cm  and  I569O  cm  at  78°K),  Eucp  *nNH  shows 

*=2  J 

prior  to  sublimation  an  interrae  yellow  emission(peak  at  17400  at 
RT) , which  becomes  red  and  weaker ( 1&95P  cm  at  RT)  after  removal 
of  the  ammonia  molecules  at  the  sublimation  temperatures  of 
Eu  cp0«  Generally  we  observed  for  these  systems  capable  of  emitt¬ 
ing,  that  the  fluorescence  of  the  raw  cyclopentadienides  was  diff¬ 
erent  from  those  of  the  sublimed  produc  ,s. 

c)  Composition  of  sublimed  species.  It  was  stated  in  the  original 
paper  on  the  preparation  of  this  class  of  compounds  that  by  sub¬ 
limation  of  the  reaction  products  one  obtained  a  non-solvated  en¬ 
tity  of  composition  Ln  cp^.  This  conclusion  was  essentially  based 
on  the  determination  of  the  C;  H  and  rare-earth  content.  Of  course^ 
the  fact  that  the  compounds  we  are  discussing  are  very  air-sens¬ 
itive  makes  it  hard  to  have  very  accurate  analyses.  This  conclus¬ 
ion  on  the  composition  of  sublimed  species  has  been  recently  ques- 
tioned  by  Fischer  and  Fischer1*3  on  the  basis  of  their  IR  studies 


~1 
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of  rare-earth  cyclopentadienides.  We  had  come  to  a  similar  con¬ 
clusion  from  the  interpretation  both  of  our  IR  data  and  of  those 
pertaining  to  the  4f°  transitions.  As  an  example  we  shall  mention 
what  situation  is  met  with  in  the  case  of  Yb  tricyclopentadien- 

C7) 

ides,  systems  we  have  studied  extensively  .  Inspection  of  the 
2  2 

“*  transition  of  Yb  cp^  in  sublimed  materials  shows 

three  different  types  of  spectra.  They  have  been  finally  un¬ 
ravelled  as  belonging  to  a  Yb  cp,.  THF  species,  to  a  Yb  cp  • 

(Figl3  to  5)  3 

NH,  species  and  to  pure  Yb  cp  *  A  surprising  conclusion  we  de- 

rived  from  our  data  is  the  following.  The  final  composition  of 
the  sublimed  species  depended  on  the 'method  used  to  obtain  the 
rare-earth  chloride,  required  for  reaction  (1).  Two  different 
methods  are  commonly  used  to  obtain  the  anhydrous  chloride :either 
treatment  of  the  oxide  with  NH^Cl  at  300°C  and  removal  of  NH^Cl 
by  sublimation;  or  dehydration  of  the  rare-earth  chloride  by 
thionyl  chloride.  When  one  reacted  a  chloride  obtained  by  the 
first  method,  one  obtained  by  sublimation  of  the  raw  cyclopenta- 
dienide  an  ammonia  adduct.  Of  this  we  have  conclusive  evidence 
for  the  case  of  Er  cp^  and  Yb  cp^.  We  did  not  look  into  it  close¬ 
ly,  but  there  are  indications  that  this  might  be  true  for  Nd  cp^ 
too.  Incidentally,  the  ammonium  chloride  method  was  used  by 

.fl> 


<a> 


Birmingham  and  Wilkinson  in  their  work  . 
d)  Divalent  cyclopentadienides:  Fischer  and  Fischer^made  use  of 
the  solubility  of  Eu  metal  in  liquid  ammonia,  in  order  to  prepare 
E.u  cp^  by  direct  reaction  with  cyclopentadiene.  We  applied  this 


i 
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method  io  the  ofi^r  rare-earth  metal  soluble  >n  liquid  ammonia, 
that  is  Yb.  Apart  from  an  nmmnr  late  Yb  cp^»n>!H^,  which  sublimes 
at  ~  120°C/l0  J  !!g ,  two  -<oro  species  of  high  sublimation  temper¬ 
atures  wore  obtained.  It  is  not  quite  conclusive  that  the  latter 

are  pure  Yb  cp0.  he  found  in  effect  that  the  sublimates  still  ex- 
3  + 

hibited  the  Yb  lines  at  ~  1  |i  .  Another  method  for  obtaining 

(7) 

Yb  cp„  W3.ll  be  reported  soon.  It  is  based  on  the  treatment  of 
Yb  cp^Cl  or  Yb  cp^  with  Na ;  K  or  even  Yb  metal  in  TIJF.  1/e  have 
not  checked  yet  whether  this  method  can  be  extended  to  other  tri- 
valer.t  lanthanides,  not  soluble  in  liquid  ammonia.  It  is  an  inter¬ 
esting  possibility  for  Sm  and  Tm  and  would  allow  to  see  how  the 
■if  transitions  are  affected  by  the  presence  of  cyclopenfca- 

dionyls. 

e)  Absorption  bands  in  rare-earth  cyclopentadienides.  Broad  ab¬ 
sorption  bands  appear  in  the  spectra  of  Ln  cp^  at  unusually  low- 

energy.  Typical  are  the  cases  of  Ce  cp^;Gd  cp^  and  La  cp^  with 

-1  -1  -1 

bands  located  at  23600  and  26*iCC  cm  ;  25770  cm  ; 28990  cm  re¬ 
spectively,  This  meant  for  instance  that  the  absorption  lines  of 


O  . 


Gd  in  its  tricycl opentadienide  could  not  be  observed , since  they 

(5) 

arc  “asked  by  a  broad  absorption  band.  A  nost  striking  example  of 


A.  t. 


prosaic'  of  low- or. orgy  absorption  bands  is  that  of  Yb  cp„ 


which,  is  dar1'.  grace:  because  of  two  absorption  bands  at  I56OC  cm 

_  l 

ar.d  23700  s"  affect  related  to  these  absorption  bands  of 

Lr  Is  that  under  3r'6c  A  excitation  band  emission  is  observed 

p 

•-hc-'onr  h'orc  are  ”0  if  levels  to  which  photon  energy  might  bo 


-1 
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*  r~"^S  jrrcd « 

Throe  possible  mechanisms  could  be  operating.  The  absorption 
bands  could  either  be  due  to  4f  5d  transitions,  or  to  71  -*  % 

transitions  within  the  f i vc-membered  ring,  or  finally  to  charge 
transfer  from  the  ligand  to  the  central  lanthanide.  Both  the 
molar  extinction  coefficient  of  the  bands  in  question(observed 
value  for  Yb  cp^ : £  ~  7°0j  e  ~  55  )and  the  presence  of  band 
emission  for  Gd^+ ,Ce^+  and  Eu^+  are  more  in  line  with  the  second 
alternative.  The  emission  would  then  correspond  to  transitions 
from  a  triplet  level  of  the  ligand  to  the  singlet  ground  state. 

(1) J.M. Birmingham  and  G.  Wilkinson ,  J. Am. Chem.Soc.78i 42 ( I.956) . 

(2) R,E.Maginn,S.Manastyrskyj  and  M.Dubec, J.Am.Chem.Soc. , 85,672 

(1963), 

(3) R.Pappalardo,Helv.Phys.Acta  3_8, 178(1965) . 

(4) C.K.  J/Srgensen,  Orbitals  in  Atoms  and  Molecules , Academic  Press 

1962, page  146-57. 

(5)  R.Pappalardo  and  S.Losi,  J , Inorg.Nucl. Chera.27,  733(1965). 

(6)  E.  O.Fischer  and  H. Fischer ,  J.Organomet.Chem.  3_,  181  ( I965)  • 

(7) F. Calderazao,  R.Pappalardo  and  S.Losi,  to  be  published. 

( 8)  2. 0, Fischer  and  H, Fischer,  Angew. Chem.76 , 52(1964) . 
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Iig,2, (Top) .Sublimed  Ce  cp  at  room  temperature. 

o 

(Bottom)  For  comparison,  Yb  cp  at  room  temperature. (Sublimed 
material) . 


OPTICAL  DENSITY  (ARB.  ORIGIN) 
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Pig. 3.  a)Diffuse  transmission  at  78°K  of  sublimed 
Yb  cp^'NH^.  b)Same, sublimed  Yb  cp^^THF  . 
c)  Same,  Yb  cp0. 

o 


OPTICAL  DENSITY  (ARBITRARY  ORIGIN) 
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Fig. 5.  Detail  of  the  absorption  in  the  red  region  of  the  spectrum 

34.  , 

for  various  Yb  tricyclopentadienides,  a)  Sublimed 

Yb  cp0  at  78°K.  b)  Sublimed  Yb  cp  *nNH_  at  room  temperature, 
3  o  o 

c)same,at  78°K.  d)Yb  cp  »THF  in  THF  solution, room  temp. 

O 
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ABSTRACT 

A  fundamental  problem  in  magnetism  is  the  origin  and  description 
of  the  exchange  interaction  between  magnetic  ions.  The  development  of 
an  exchange  field  formalism,  applicable  to  the  rare  earth  ions  in  the 
rare  earth  iron  garnets,  is  reviewed.  It  is  shown  that  further  prog¬ 
ress  depends  upon  a  more  complete  solution  of  the  crystal  field  problem 
and  on  the  acquisition  of  more  experimental  exchange  splittings  for 
specific  rare  earth  ions.  The  advantages  of  using  cerium  as  a  "probe" 
to  provide  the  necessary  information  are  discussed.  Cerium  and  ytter¬ 
bium  are  compared,  and  spectroscopic  results  for  cerium  substituted 
into  both  yttrium  gallium  and  yttrium  iron  garnet  are  presented. 
Especially  noteworthy  are  (a)  the  large  size  of  the  crystal  field 
splittings  (of  the  order  of  1500  cm"1  for  the  J  =  7/2  state),  (b)  the 
large  size  of  the  exchange  splittings  of  the  Kramer’s  doublets  (of  the 
order  of  200  cm  “)  and  (c)  the  general  sharpness  of  the  cerium  spectra. 
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Introduction 

While  the  work  we  plan  to  discuss  in  this  paper  is  of  recent 
vintage,  it  represents  a  continuation  of  a  program  which  has  been  in 
progress  for  a  number  of  years.  The  program  had  its  origins  in  the 
calculations  of  White  and  Andelin'*'  who  first  attempted  to  treat  simul¬ 
taneously  the  effects  of  the  electrostatic  (crystal)  field  and  the 
exchange  field  on  the  energy  levels  of  the  rare  earth  ions  in  the  rare 
earth  iron  garnets.  The  simplifying  assumptions  made  by  these  workers, 
both  with  regard  to  the  cubic  symmetry  of  the  crystal  field  and  the 
isotropy  of  the  exchange  interaction,  have  not  been  borne  out  in  sub¬ 
sequent  work.  However,  the  general  predictions  of  large  level  shifts 
and  splittings  showing  a  strong  dependence  upon  the  orientation  of  the 
net  magnetization  have  been  fully  confirmed. 

The  program  was  given  life  and  definition  with  the  advent  of 

explicit  experimental  data  on  actual  exchange  field  effects.  The  most 

2  3 

complete  information  was  obtained  from  near  infrared  ;  and  far  infra- 

4  5 

red  spectroscopic  investigations  of  ytterbium  iron  garnet.  The  spec¬ 
troscopic  studies  demonstrated  that  the  exchange  splittings  of  a 
Kramer's  ion  can  be  observed  directly,  the  splittings  being  surprisingly 
anisotropic  with  regard  to  exchange  field  orientation  (See  Figure  l) . 

It  was  found  that  the  g-tensors  obtained  for  ytterbium  in  yttrium 
gallium  garnet  apply,  at  least  in  the  first  approximation,  to  the  ircn 
garnet  as  well,  and  that  a  large  part  of  the  anisotropy  in  the  split¬ 
tings  must  therefore  come  from  anisotropy  in  the  exchange  interaction 
itself.  (We  note  that  Wolf  had  correctly  anticipated  that  such 


A  rudimentary  exchange  potential  formalism  was  developed  on  the 

3 

basis  of  bhe  optical  information.  This  potential  was  obtained  via  a 
harmonic  series  expansion  consistent  with  the  site  symmetry  of  the  rare 
earth  ion  with  only  the  two  leading  (anisotropic)  terms  being  retained. 
The  net  result  was  an  exchange  potential  exhibiting  orbital  dependence. 
This  formalism  was  made  to  predict  correctly,  with  three  adjustable 
parameters,  the  exchange  splittings  for  both  the  ground  state  and  an 
excited  state  of  the  ytterbium  ion  in  the  iron  garnet.  The  numerical 
agreement  of  the  fit  may  well  have  been  fortuitous,  but  the  prediction 
of  correct  topology,  especially  for  the  excited  state,  suggested 

strongly  the  merit  of  the  exchange  potential  approach. 

8 

Levy  has  recently  proposed  a  much  more  complete  formalism  in 
which  the  rare  earth- iron  exchange  interaction  is  characterized  by  as 
many  as  10  exchange  potential  parameters.  With  a  specific  model  of  the 
rare  earth-iron  exchange  interaction,  these  parameters  could  in 
principle  be  derived.  However,  no  such  model  exists.  In  the  absence 
of  a  detailed  model,  the  parameters  must  be  determined  empirically.  At 
the  present  time  an  empirical  determination  of  so  many  parameters  is 
equally  impossible  since  there  is  neither  a  sufficiently  complete 
solution  to  the  crystal  field  problem  to  allow  the  calculation  of  a 
reliable  set  of  starting  wave  functions,  nor  are  there  enough  independ¬ 
ent  pieces  of  data  on  the  exchange  splittings  for  any  rare  earth  in  the 
iron  garnets.  It  is  to  the  experimental  aspects  of  this  dual  problem 
that  we  now  address  ourselves. 

We  have  chosen  to  build  on  the  ytterbium  results,  while  at  the 
same  time  increasing  our  understanding  of  the  rare  earth  series  as  a 
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whole,  by  undertaking  a  careful  study  of  the  spectra  of  trivalent 
cerium  in  yttrium  gallium  and  yttrium  iron  garnet.  Cerium  and  ytter¬ 
bium,  though  near  the  opposite  ends  of  the  rare  earth  series,  have 
intimately-related  energy  level  schemes.  (See  Figure  2).  The  ions 


Figure  2.  Energy  level  schemes  for  cerium  and  ytterbium  in  the  garnets, 
showing  spin-orbit,  crystal  field  and  exchange  field  effects,  the  latter 
obtained  with  no  applied  magnetic  field. 
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differ,  howevt",  in  the  magnitude  of  the  spin-orbit  interaction,  the 
relative  positions  of  the  J=5/2  and  J=7/2  manifolds  and  the  relative 
sequence  of  crystal-field-split  levels  within  the  two  J-manifolds. 

Other  dissimilarities  resulting  from  differences  in  ion  size  relative 
to  site  dimensions,  from  differences  in  shielding  of  the  4f  levels, 
and  from  differences  in  the  relative  magnitudes  of  the  spin-orbit  and 
crystal  field  effects  for  the  two  ions  are  also  to  be  anticipated.  The 
purpose  of  this  paper  is  to  describe  how,  despite  these  differences, 
the  study  of  cerium  seems  likely  to  further  our  approach  to  a  satisfac¬ 
tory  picture  of  exchange  in  the  garnets. 

Experimental  Proceudres 

Crystals  of  yttrium  gallium  garnet  and  yttrium  iron  garnet,  doped 
with  cerium,  were  grown  from  lead  oxide-lead  fluoride  fluxes.  'While 
the  intended  doping  level  (i.e.  the  ratio  of  cerium  to  yttrium  in  the 
melts)  was  5  mole-percent,  the  level  of  incorporation  is  almost  cer- 
tamly  lower  because  of  the  large  size  of  the  Ce  ion.  It  would 
appear  from  absorption  spectra  that  more  cerium  enters  the  iron  garnet 
than  the  gallium  garnet. 

The  cerium  spectra  were  obtained  with  a  Cary  Model  14B  spectro¬ 
photometer,  the  samples  being  cooled  by  conduction  in  a  metal  dewar  of 
conventional  design. 

For  studies  (in  the  iron  garnet)  of  the  cerium  spectrum  as  a 
function  of  exchange  field  orientation,  a  special  liquid  nitrogen  dewar 
was  constructed,  this  dewar  having  a  tip  small  enough  to  fit  between 


the  pole  pieces  of  a  1.000  oersted  magnet.  The  entire  assembly  was 

constructed  in  such  a  way  as  to  fit  into  the  normal  sample  chamber  of 

the  Cary  spectrophotometer.  The  sample  was  physically  rotated  in 

increments  of  10°  with  spectra  being  taken  at,  each  angular  position. 

The  spectra  of  ytterbium  iron  garnet  (Figure  l)  which  we  present 

2 

for  comparison  are  from  prior  work,  these  having  been  obtained  photo¬ 
graphically  with  a  Bausch  and  Lomb  dual-grating  spectrograph. 

Results  and  Discussion 

The  full  orthorhombic  crystal  field  experienced  by  the  rare  earths 

in  the  garnet  structure  requires  9  parameters  for  its  specification. 

Past  workers  have  used  various  approximations  to  reduce  the  number  of 
9 

parameters.  If  we  take  the  spin-orbit  splitting  into  account,  10 
independent  pieces  of  data  are  required  for  a  proper  empirical  determi- 
nation  of  all  parameters.  Since  Ce  and  Yb  each  have  only  7  4f- 
electron  energy  levels,  and  thus  6  energy  separations,  we  must  turn  to 
the  anisotropic  g-tensors  (3  principal  values  each)  for  sufficient 
input  data.  Computational  programs,  designed  to  utilize  such  a  combi¬ 
nation  of  experimental  information,  are  being  prepared. 

Unfortunately,  for  ytterbium  only  two  levels  are  sufficiently 

£ 

sharp  to  allow  the  g-tensors  to  be  determined.  Five  energy  levels 
(four  separations)  have  been  observed  with  certainty  for  ytterbium, 
but  some  dispute  remains  as  to  the  relative  distribution  of  levels  in 
the  ground  state  manifold.^  Even  with  the  proper  identification  of 
levels,  we  have  the  bare  minimum  of  data  for  the  crystal  field 
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calculation. 

For  cerium,  on  the  other  hand,  six  energy  levels  have  been  located 
and  four  of  these  are  sufficiently  sharp  for  Zeeman  effect  analysis. 
Thus  for  this  ion  we  expect  a  redundancy  of  information  for  the  solu¬ 
tion  of  the  crystal  field  problem.  In  the  liquid  helium  spectrum  of 
cerium  in  the  gallium  garnet  (Figure  3)  we  observe  four  transitions 
(at  2l6l,  2176,  2373  and  3^70  cm  from  the  ground  state  to  the  four 
levels  of  the  J~7/2  manifold.  A  second  level  of  the  J=5/2  manifold, 
131  cm  ^  above  the  ground  state,  is  revealed  by  the  temperature- 
dependent  band  observed  at  liquid  nitrogen  temperatures  near  3539  cm~^. 


Figure  3.  Low  temperature  spectra  of  cerium  in  yttrium  gallium  and 
yttrium  iron  garnet.  Sample  thicknesses  are  8.3  and  1.5  mm  respec¬ 
tively.  Absorptions  in  the  region  from  3.0  to  3.8  microns  are  also 
present  in  crystals  containing  no  cerium. 
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The  more  interesting  features  of  the  spectra  are  (a)  the  close 
proximity  of  the  three  lowest  levels  of  the  J=7/2  state,  (b)  the 
remarkably  large  crystal  field  splitting  of  that  state  -  perhaps  the 
largest  yet  observed  for  a  rare  earth  ion,  and  (c)  the  sharpness  of 
not  only  the  two  longer  wavelength  lines,  but  of  the  shortest  wave¬ 
length  line  as  well.  The  last  feature  we  attribute  to  the  unusual  size 
of  the  crystal  field  splittings,  the  uppermost  level  here  falling  well 
above  the  region  of  expected  vibronic  (vibrational  plus  electronic) 
levels  associated  with  the  lower  energy  states  of  the  J=7/2  manifold. 
Thus  the  expected  broadening  resulting  from  resonance  with  the  vibronic 
levels  is  not  observed  for  this  particular  electronic  state.  This  is 
most  fortunate,  for  it  is  this  uppermost  state  of  cerium  which  corre¬ 
sponds  to  the  ground  state  of  ytterbium  and  thus  forms  our  strongest 
link  with  prior  results. 

The  increased  amount  of  data  available  for  Ce^+  as  opposed  to  Yb^+ 
is  also  apparent  in  the  iron  garnet  spectra  (see  Figure  5).  The 
exchange  splittings  of  the  cerium  levels  can  be  discerned  if  one  com¬ 


pares  the  gallium  garnet  and  iron  garnet  spectra.  Note  for  example 
the  obvious  splitting  of  the  2.7  micron  line  at  4.2°K.  The  size  of 
these  splittings  -  of  the  order  of  200  cm-1  compared  with  10  to  50  cm-1 
for  ytterbium  iron  garnet  -  is  another  of  the  surprising  results  of 
this  study.  We  expect  to  be  able  to  analyze  the  splittings  for  perhaps 
as  many  as  5  states  of  cerium,  in  the  process  obtaining  more  than  the 
10  pieces  of  input  data  required  to  test  Levy’s  exchange  potential 


formalism. 
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We  have  carried  out  a  preliminary  analysis  of  the  splitting  of  the 
uppermost  state .  While  the  splitting  of  this  state  is  far  larger  than 
that  found  for  the  ground  state  of  ytterbium,  the  relative  anisotropy 
of  the  splittings  (principal  values  for  the  splitting  tensor  ranging 
from  165  to  225  cm  1)  is  markedly  less.  Despite  these  differences,  the 
topological  similarity  of  the  splittings  for  the  corresponding  states 
of  the  two  ions  is  apparent. 

The  exchange  splittings  of  the  low-lying  levels  of  cerium,  as 
presently  interpreted,  also  show  some  unusual  features.  The  splittings 
of  the  two  lowest  levels  are  sufficiently  large  to  exceed  the  crystal 
field  separation  observed  in  the  gallium  garnet.  Thus  we  will  appar¬ 
ently  have  to  treat  these  as  components  of  a  4- level  system  rather  than 
as  two  exchange-split  Kramer's  doublets. 

The  next  step  in  this  program  will  be  to  obtain  the  g-tensors  for 
as  many  of  the  cerium  states  (in  the  gallium  garnet)  as  possible  -  this 
being  done  in  part  via  spin  resonance  and  in  part  via  optical  (Zeeman 
effect)  techniques.  When  the  maximum  available  data  have  been  obtained, 
crystal  field  calculations  will  be  carried  out. 

The  analysis  of  the  iron  garnet  exchange  splittings  must  also  be 
completed.  The  applicability  of  the  gallium  garnet  g-tensors  should 
be  checked  via  high  field  experiments.  We  then  expect  to  be  able  to 
combine  the  wave  functions  obtained  from  the  gallium  garnet  crystal 
field  calculation  with  the  analysis  of  the  exchange  splitting  tensors 
obtained  from  the  iron  garnet  and  obtain  empirically  the  full  set  of 
exchange  constants  required  by  Levy's  formalism. 
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ABSTRACT 

Electron  transfer  spectra  are  presented  for  the  compounds 
LnPO.,  Ln^fCO^)^  L^CoxalateJ^  10  H„0  and  several  compounds 
containing  sulphate  or  halide  ion.  Ln  =Sm,  Eu  and  Yb.  The  con¬ 
sequence  of  change  in  coordination  number  and  structure  are  dis¬ 
cussed.  Oxyanion  have  very  similar  optical  electronegativities, 
which  do  not  correlate  with  their  oxidation  potentials. 

A  change  of  ligand  or  co-ordination  number  produces  only  small 
changes  in  the  4£~*4f  transitions  of  the  trivalent  lanthanides.  By  look¬ 
ing  far  enough  into  the  ultra-violet,  and  selecting  the  metals  which 
have  accessible  divalent  states,  we  can  sometimes  find  other  transi¬ 
tions  which  are  broader,  of  higher  extinction  coefficient,  and  much 
more  dependent  on  ligand.  Jorgensen  has  shown  that  these  transitions 
can  be  assigned  to  electron  transfer  from  an  orbital  located  mainly  on 
the  ligands  to  one  which  is  essentially  metal  4f  in  origin.  These  spectra 

can  be  interpreted  by  the  same  arguments  that  Jorgensen  has  used  with 

2 

electron  transfer  in  transition  metal  complexes. 

If  we  are  to  see  these  bands,  which  have  e^lOO,  the  ligand  must 

be  transparent  well  into  the  ultra-violet  or  else  must  have  a  low  opti- 

13 

cal  electronegativity  such  as  diethyldithiocarbamate.  ’  The  donor  group 

must  also  be  adjacent  to  the  metal  ion;  the  introduction  of  a  solvent 

3+ 

sheath  as  in  the  well-known  L^H^O)^  unit  has  the  two- fold  effect  of  • 
moving  the  band  to  higher  energy,  normally  into  the  vacuum  ultra-violet, 
and  also  reducing  the  orbital  overlap  so  much  that  the  band  intensity 
would  be  close  to  zero. 
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With  a  given  ligand  the  band  is  seen  at  lowest  energy  with  europium, 

then  followed  by  ytterbium,  samarium  and  thulium  (Figure  1),  the  band 

3+  2+  4 

energy  increasing  linearly  with  M  — *-M  redox  potential.  As  far  as 

2+ 

the  metal  is  concerned  the  process  is  reduction,  except  that  the  M 

complex  produced  is  in  an  excited  state  which  loses  energy  by  returning 

3+ 

to  the  ground  state  of  the  M  complex  rather  than  stabilisation  of  the 
lower  oxidation  state. 

So  far  the  electron  transfer  spectra  published  for  the  lanthanides 

1  3 

refer  almost  exclusively  to  complexes  in  solution.  ’  In  this  paper  we 
shall  deal  with  some  solid  complexes  and  compare  these  where  possible 
with  the  solution  data.  We  shall  confine  our  remarks  to  the  first  electron 
transfer  band  although  often  more  than  the  one  can  be  observed. 


EXPERIMENTAL  TECHNIQUES  AND  RESULTS 
Powder  reflection  spectra  were  measured  on  a  Hilger  Uvispek, 
which  was  shown  to  give  useful  data  to  53  kK.  The  reference  was  alu¬ 
mina.  Solution  spectra  came  from  a  Unicam  S.  P.  700  spectrophotom¬ 
eter. 


The  compounds  discussed  are  LnPO^.  Ln^CCO^)^*  Ln^oxalate)^ 
lOH^O,  L^NO^)^'  lOH^O  and  series  of  compounds  containing  sulphate 
or  halide  ions  in  various  environments.  These  were  all  prepared  and 
analysed  by  conventional  techniques.  In  each  case  Ln  signifies  La,  Eu, 
Sm,  and  Yb.  Lanthanum  shows  no  electron  transfer  bands,  and  is  used 
as  a  check  against  false  assignment  of  ligand  bands  to  electron  transfer. 

The  oxalates  and  nitrates  have  strong  ligand  transitions  in  the 
ultra-violet  and  no  electron  transfer  bands  could  be  seen,  with  the  pos¬ 
sible  exception  of  EufNO^lg’  kH^O.  Since  oxalates  are  powerful  re¬ 
ducing  agents,  this  emphasises  that  the  ability  of  a  polyatomic  ligand 

to  donate  an  electron  in  the  excited  state  of  a  complex  is  not  the  same 

3 

process  as  is  measured  by  a  solution  redox  potential. 

All  the  other  compounds  gave  spectra  which  we  assign  to  electron 
transfer.  Justification  of  these  assignments  is  obtained  by  plotting  the 
band  energies  for  the  range  of  ligands  with  one  metal  against  those  for 
the  same  ligands  with  a  second  metal.  If  the  bands  are  due  to  electron 
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transfer  the  difference  in  band  energy  between  two  metals  with  the  same 
ligand  environments  {  Ad)  should  be  independent  of  the  ligand.  Figure 
2  shows  that  the  correlation  for  Sm  and  Eu  is  very  good,  the  average 
deviation  from  the  chosen  line  of  unit  slope  is  a  6.  5  kK,  and  the  greatest 
deviation  2.  2  kK  even  when  solution  data  is  included  with  the  solids 
(average  A(jgu  gm=Acrj  =  8.  5  kK.  ).  Thus  we  can  be  certain  that  all 
our  data  do  refer  to  electron  transfer  bands,  and  we  have  a  firm  basis 
for  further  discussion. 

The  data  for  Yb  are  also  plotted  against  Eu  in  Figure  1.  This 
time  the  deviations  are  more  marked,  an  average  point  is  1.  44  kK 
from  the  line  of  unit  slope,  and  the  maximum  deviation  is  5.  0  kK.  The 
very  large  deviations  are  for  solid  compounds  and  their  effect  is  always 
to  increase  A<jEu  YbS^CT2  ^rom  the  average  value  of  5.  0  kK. 

DISCUSSION 

Correlation  betv/een  metals 

In  the  most  naive  terms  the  worsening  of  the  correlation  of 
band  energies  of  Yb  against  Eu  compared  with  Sm  against  Eu  can  be 
stated  as  "Sm  and  Eu  are  neighbours  in  the  series,  Yb  is  many  ele¬ 
ments  away.  "  The  blame  cannot  be  placed  directly  on  the  size  differ¬ 
ence  between  the  ions  since  this  is  essentially  independent  of  environ¬ 
ment  and  must  figure  in  Acrfor  all  complexes,  in  solution  or  in  the  solid 
phase.  However,  one  of  the  consequences  of  the  lanthanide  contraction 
is  that  the  crystal  structure  of  a  compound  often  changes  somewhere 
between  La  and  Lu.  This  will  lead  to  a  change  in  coordination  and  prob¬ 
ably  a  fall  in  coordination  number  in  the  latter  part  of  the  series.  One 

example  of  this  is  the  series  of  hydrated  sulphates.  Lanthanum  gives 

5 

La^SO^^'  9^0,  but  along  the  series  SH^O  is  the  rule.  In  the  lan- 

3  "T* 

thanum  compound  some  of  the  La  ions  are  12  coordinate  but  the 
heavier  elements  have  9  as  the  maximum  coordination  number. 
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Reducing  the  number  of  donor  ligands  is  known  to  produce  a  blue 

shift  in  the  first  electron  transfer  band.  For  example^  the  first  band 

2-  + 
in  CuBr^  is  at  16.  9  kK  whereas  in  CufK^O^Br  no  intense  transition 

is  seen  until  35.  4  kK. 

5  7 

The  compounds  LnCl^  •  611^0  and  Ln-^SO^)^  8H„0  are  reported  ' 
to  have  the  same  crystal  structure  for  Ln  =  Sm,  Eu  and  Yb,  and  the 
values  of  Ac^  obtained  are;  4.  5  kK  and  5.  5  kK,  very  close  to  the  average 
value  5.  0  kK.  The  compounds  YbCl^  and  YbOCl,  however,  are  known 
to  differ  in  structure  from  their  Sm  and  Eu  analogues  although  the  inner 
coordination  spheres  do  not  seem  to  be  established  for  either  of  the  Yb 
compounds.  These  are  two  cases  where  Ac?  is  much  larger  than  the 
average  value,  9.  0  kK  for  YbCl^,  and  8.  9  kK  for  YbOCl.  We  suggest 
that  the  coordination  numbers  will  prove  to  be  smaller  in  the  Yb  com¬ 
pounds  than  the  established  value  of  9  for  the  Sm  and  Eu  analogues. 

Support  for  this  argument  is  obtained  by  doping  Sm,  Eu  and  Yb 
(5%)  into  LaOCl.  The  bands  all  shift  (Table  2)  but  Ac^  is  now  3.  8  kK, 
a  slightly  less  than  average  value,  while  Acr^  remains  constant  within 
0.  6  kK.  A  similar  experiment  doping  into  LaCl^  is  less  conclusive; 

Ao^  became  4.  3  kK,  but  a  reasonable  value  for  A q  can  only  be  obtained 
by  using  the  position  of  the  second  intense  transition  in  La^  ^^Sm^  qj-CI^. 

Correlation  between  ligands 

Qxyanions 

Phosphate,  hypophosphite,  carbonate,  sulphate  and  telenate  are 
all  rather  similar  ligands  in  that  an  approaching  metal  ion  finds  only 
the  backsides  of  covalently  bonded  oxygen  atoms  with  which  to  interact. 
The  energies  of  the  oxygen  lone-pairs  which  function  as  donor  orbitals 
cannot  differ  very  greatly  in  these  ions  and  this  is  supported  by  the 
similar  electron  transfer  band  energies  (Table  1). 

The  oxidation  potentials  of  these  ligands  vary  widely  and  hence 
cannot  be  of  great  importance  in  determining  the  electron  transfer  band 
position;  one  might  predict  that  the  anhydrous  perchlorates  would  show 
bands  at  about  the  same  energies.  As  further  support  for  this  we  can 
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quote  a  band  at  40.  8  kK  in  Eu(NC>3)3  •  6H?0,  and  one  at  41.  5  kK  in  euro¬ 
pium  oxynitrite  (prepared  as  described  by  Sherwood).  These  are 
thought  to  be  electron  transfer  bands  since  they  are  not  found  in  the  La 
compound.  At  the  appropriate  energies  for  the  samarium  and  ytterbium 
compounds  the  ligands  are  absorbing  too  strongly  for  the  weak  electron 
transfer  bands  to  be  seen. 

Table  1  shows  that  the  three  solid  sulphate  compounds  of  each 
metal  have  their  bands  at  very  similar  energies.  This  suggests  that 
the  inner  coordination  sphere  cannot  change  very  greatly  from  the  hy¬ 
drate  to  the  anhydrous  salt  or  the  sodium-lanthanide  double  sulphate. 
Detailed  x-ray  structures  are  not  available  for  any  of  these  compounds 

at  present;  but  in  La9(SO  .),  •  9H_0  sulphate  appears  in  the  inner  coor- 
g  ^  4  j  <£  .j. 

dination  sphere.  The  solution  spectra  for  LnSO^  show  bands  at  sim¬ 
ilar  energies,  supporting  the  belief  that  the  solution  species  contain,  a 
sulphate  group  in  the  inner  coordination  sphere.  More  evidence  for 
this  comes  from  studies  of  the  ethyl  sulphates.  In  Eu(SO^Et)3*  9H^O 
no  electron  transfer  band  is  seen  below  50  kK;  the  ct  "stal  is  known  to 
contain  only  water  attached  directly  to  the  metal  ion.  ^  Likewise,  in 
aqueous  solution  we  find  no  electron  transfer  band  except  at  very  high 
concentrations  of  EtSO^-  (&  =  44.  8  kK)  presumably  under  these  condi¬ 
tions  the  equilibrium 

Eu(HzO)g+  +  EtSC45==^  Eu(H2C)n  SC^Et2*  +  (9n)H20 

displaced  some  way  tc  the  right. 

The  small  variation  within  the  solid  sulphate  spectra  appear  to 
be  random  and  no  correlations  can  be  drawn  at  present. 

Halides 

The  spectra  of  ail  the  compounds  and  solutions  containing  halogen 
are  summarised  in  Table  2.  The  range  of  values  for  a  given  halogen 
with  a  metal  is  far  greater  than  that  observed  for  sulphate.  As  men¬ 
tioned  earlier  an  increase  in  the  number  of  donor  atoms  coordinated 
to  the  metal  produces  a  red  shift  in  the  electron  transfer  spectrum. 

The  change  from  two  coordinated  chloride  ions  in  EuC136H20  to  five 
in  EuOCl  and  nine  in  EuC13  moves  the  band  3,  3  kK  and  12.  3  kK 
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respectively  to  lower  energy. 

A  blue  shift  was  observed  when  the  reducible  lanthanides  were 

doped  into  LaCl,,  whereas  a  red  shift  occurred  in  doped  LaOCl.  We 
11 

have  argued  that  in  the  oxychlorides  the  europium  can  approach  one 

halogen  more  closely  than  in  the  pure  EuOCl  since  the  field  at  the  metal 

is  assvmetric;  produced  by  halide  layer  on  one  side  of  the  metal  and  a 

12 

layer  of  oxide  ions  on  the  other.  Tn  the  trihalides  the  metal  is  com- 

13 

pletely  surrounded  by  halide,  and  if  the  lattice  spacings  of  the  halide 
are  preserved  the  europium-halogen  distance  must  increase,  giving 
rise  to  the  observed  blue  shift. 

Comparison  between  chloride,  bromide  and  iodide  for  both  oxy- 
halide  and  trihalide  produces  the  surprising  result  that  the  bromide  and 
iodide  spectra  appear  far  closer  to  the  chlorides  than  would  be  ex¬ 
pected  from  Jorgensen's  extensive  studies  of  transition  metal  hexa- 

and  tetra  halides,  where  a  separation  of  6.  0  kK  is  usual  between  chlo- 

2 

ride  and  bromide  and  10  kK  between  bromide  and  iodide.  We  have 

suggested  an  explanation  for  the  oxyhalides^  in  terms  of  the  transferred 

electron  coming  from  a  halide  in  the  next  layer,  the  distance  of  which 

12 

from  the  metal  atom  increases  rapidly  down  the  series  Cl,  Br,  I. 

A  similar  explanation  might  be  offered  for  the  trihalides  if  the 

donor  orbital  is  located  mainly  on  the  three  halogen  atoms  about  the 

waist  of  the  EuX^  units,  i.  e.  in  Figure  3.  The  distance  M-  Xjj 

will  increase  more  rapidly  than  M  -  XLj.  with  halogen  radius  from  packing 

requirements.  In  EuBr,  one  of  the  X.,  bromide  atoms  is  over  4  A  from 
13  5  u 

the  metal. 

We  hope  to  test  this  hypothesis  by  investigating  the  polarization 
of  the  electron  transfer  band  in  single  crystal  spectra  in  the  near  future. 


Thanks  are  due  to  the  Department  of  Scientific  and  Industrial 
Research  and  the  Society  of  the  Sigma  Xi  for  apparatus  and  the  Chem¬ 
istry  Department,  Queen's  College,  for  a  studentship  (H.  P. ). 
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TABLE  1 

Reflection  spectra  of  complexes  with  oxyanions 


Energy  of  first  electron  transfer  band  in  Kilo  Kaysers 


Compound 

Ln  =  Sm 

Eu 

Yb 

Ln  P04 

52.  0 

43.  5 

48.  4 

Ln2(C03)3 

52.1 

42.  4 

47.  8 

Ln2(SC>4)3anhyd. 

50.  8 

42.  2 

48.  5 

Ln2(S04)38H20 

50.  3 

41.  7 

47.  2 

Na2S04*  Ln2(SC>4)3-  n^O 

50.  3 

42.  5 

46.  5 

Ln  S04+  (solution) 

48.  4 

41.  7 

44.  5 

Ln  Se04  (solution) 

- 

44.  0 

- 

Ln  H2PC>2^+  (solution) 

- 

45.  8 

- 
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TABLE  2 

Electron  transfer  spectra  In  kK  of  lanthanide  halide  complexes. 


Compound 

Ln  =  Sm 

Eu 

Yb 

Ln  Cl  ^ 

37.  2 

28 

37.  0 

La0.  95  Ln0.  05  C13 

39.  2 

34.  7 

38.  5 

Ln  Br^ 

34.  5 

26 

28.  2 

Lnl3 

- 

25.  0 

- 

Ln  Cl3  •  0H20 

48. 1 

40.  3 

44.  5 

Ln  OC1 

46.  5 

37.  0 

45.  9 

La0.  95  Ln0.  05  °C1 

44.  0 

33.  9 

37.  7 

LnOBr 

44.  5 

36.1 

43 

La0.  95  Ln0.  05  OBr 

42.  0 

33.  7 

36.  4 

Cl”  in  EtOH  solution 

45.  7 

36.  2 

41.  0 

Br"  in  EtOH  solution 

40.  2 

31.  2 

35.  5 
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OPTICAL  AND  PHYSICAL  PROPERTIES  OF 
SINGLE  CRYSTAL  LANTHANUM  TRIFLUORIDE 

* 

Hugh  M.  Muir  and  William  Stein 
Varian  Associates,  Palo  Alto,  California 


.  ABSTRACT 

Optical  and  physical  measurements  made  on  high  purity  single  crys¬ 
tal  LaRj  indicate  its  potential  as  a  valuable  optical  window  material. 

The  excellent  transmission  over  d  very  broad  spectrum  extending  from 
~  1300  X  in  the  vacuum  ultraviolet  to  ~  13  \i  in  the  intermediate  in¬ 
frared,  coupled  with  a  high  degree  of  chemical  and  physical  stability, 
makes  LaF^  extremely  attractive  for  a  wide  range  of  optical  applications. 
Some  of  the  critical  purification  and  crystal  growth  conditions  neces¬ 
sary  for  the  synthesis  of  the  high  purity,  optical  grade  LaF^,  as  well 
as  the  optical  and  physical  parameters,  are  presented. 


*  Presently  at  Department  of  Materials  Science,  Stanford  University. 
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INTRODUCTION 


Over  the  past  25  years  very  little  in  the  way  of  new  optical  mate¬ 
rials  has  been  witnessed  for  the  spectrum  range  extending  from  the  vac¬ 
uum  ultraviolet  (•—1100  A)-  to  the  intermediate  infrared  (—10.0  p.)  . 
Optical  glasses  presently  available  have  a  very  limited  usefulness  out¬ 
side  cf  the  visible  spectrum,  and  currently  only  cover  a  range  of  approx¬ 
imately  3000  A  to  2.0  p.  Research  now  in  progress  on  some  chalcogenide 
glasses  indicate  they  may  be  of  some  importance  in  the  12.0  -  14.0  p 
region . 

For  years  synthetic  optical  fluoride  crystals  such  as  LiF,  CaF^, 

BaF2  and  MgF2  of  select  quality  have  been  the  old  line  material  systems 
that  fulfill  the  preponderance  of  optical  requirements  over  the  1100  A 
to  10.0  p  range.  There  are,  however,  some  inherent  optical  and  physical 
weaknesses  in  all  of  these  systems,  namely,  their  relative  softness, 
lack  of  chemical,  and  thermal  stability,  and  individually  limited  trans¬ 
mission  ranges,  which  allow  considerable  room  for  improvement. 

During  the  course  of  an  evaluation  at  Varian  of  single  crystal  LaF^ 
as  an  experimental  laser  host,  it  became  apparent  that  LaF^  possessed 
several  unique  optical  and  physical  properties  which  indicated  that  it 
could  become  an  important  replacement  for  several  of  the  optical  fluo¬ 
ride  crystal  -systems  now  in  use.  This  paper  is  a  presentation  of  pre¬ 
liminary  optical  and  physical  data  for  che  optical  grade,  single  crystal 
LaF^  grown,  in  a  hydrogen  fluoride  atmosphere. 

2.  EXPERIMENTAL 

a)  LaFj  Starting  Material 

Anhydrous  rare-earth  fluorides  first  became  important  in  the 
early  1950's  through  the  research  efforts  of  Spedding  and  Daane^  at  the 
A.E.C.  Ames  Laboratory  in  the  preparation  of  the  first  really  high  puri¬ 
ty  rare-earth  metals.  It  was  determined  in  this  research  that  the  water 
content  of  the  fluoride  was  extremely  critical  to  the  control  of  the 
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gaseous  impurity  content  of  the  reduced  metal.  The  degree  of  purity  of 
the  starting  LaF^  material  for  optical  applications  must  be  at  least  an 
order  of  magnitude  better  than  that  now  accepted  for  high  purity  metals 
production.  Commercially  available  "anhydrous'*  fare-earth  fluorides 
still  do  not  meet  the  specifications  required. for  an  optical  grade  LaF^. 
Light  scattering  centers  in  LaF^,  assumed  to  be  La^O^  and/or  LaOF,  cause 
excessive  transmission  losses,  especially  in  the  vacuum  ultraviolet  re¬ 
gions.  ifteir  elimination  requires  the  use  of  special  processing  tech¬ 
niques  . 


The  initial  stage  of  the  fluoridation  process  that  has  been 

developed  for  optical  grade  LaF«  is  quite  similar  to  the  one  described 

2  J 

by  Carlson  and  Schmidt  for  the  preparation  of  anhydrous  rare-earth 
fluorides.  High  purity  99.997%  purchased  from  Linsay  Chemical 

Company  and  Research  Chemicals  Company,  is  used  as  the  starting  material. 
Fig.  1  is  a  schematic  of  the  fluoridation  apparatus  employed.  Anhydrous 
hydrogen  fluoride,  carried  by  argon,,  is  passed  over  the  freshly  ignited 
La^Og  at  a  temperature  of  ~  800 °C  for  a  period  of  six  to  eight  hours 
to  complete  the  following  reaction: 

OflAOp 

La2°3  +  6HF  2LaF3  +  3H2p 

The  resulting  product,  in  a  fine  powder  fora,  is  approximately 
99.99%  converted.  In  order  to  get  below  the  100  ppm  oxygen  impurity 
level  required  from:  optical  considerations)  a  second  stage  to  the  fluo¬ 
ridation  process  has  been  developed.  In  this  stage  LaF^  is  brought  to 
a  melt,  under  a  hydrogen  fluoride  atmosphere,  and  a  zone  refining  pass 
is  made  through  a  thermal  gradient.  This  phase  of  the  process  provides 
d  polycrystalline  ingot  with  the  total  oxygen  impurities  reduced  to  ap¬ 
proximately  50  ppm,  which  is  acceptable  for  the  actual  single  crystal 
growth. 

b)  LaF^  Single  Crystal  Growth 

Commerical  optical  fluoride  crystals  presently  available  are 
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grown  either  in  a  high  vacuum  or  an  inert  atmosphere.  The  most  commonly 
employed  crystal  growing  technique  for  these  systems  is  the  Bridgman- 
Stockbarger  method.  LaF„  has  been  grown  at  Varian  employing  several 
techniques,  namely,  the  Storber,  Czochralski,  as  well  as  the  Bridgman. 

To  date  the  best  results,  both  from  an  optical  and  physical  viewpoint, 
have  been  obtained  employing  the  Bridgman  technique.  To  insure  excel¬ 
lent  optical  and  physical  properties  in  the  lanthanide  fluorides,  it  has 
been  found  necessary  to  provide  an  "active  ambient  atmosphere,"  in  par¬ 
ticular  a  hydrogen-fluoride  atmosphere,  during  the  entire  growth  and 
annealing  cycles. 

The  list  of  references  pertaining  to  the  growth  of  fluoride 

crystals  employing  active  atmospheres  is  of  recent  vintage,  and  is  quite 

3 

meager.  In  1961  Catalano  and  Stratton  of  the  Lawrence  Radiation  Lab¬ 
oratory  described  a  Storber  growth  technique  of  CoF„  and  MnF„  in  a  stat- 
ic  hydrogen  fluoride  atmosphere.  In  1962  and  1964  Muir  and  Stein  ^ 
detailed  the  growth  of  LaF^  and  other  rare-earth  fluorides  employing  a 
dynamic  hydrogen  fluoride  atmosphere  with  Bridgman,  Storber,  and  Czoch¬ 
ralski  growth  techniques.  Guggenheim  of  the  Bell  Telephone  Laboratories 
published  a  paper  in  1963  in  which  a  Bridgman  technique  was  employed 
utilizing  a  static  hydrogen  fluoride  atmosphere  for  the  growth  of  Ca, 

Ba,  Li  and  La  fluoride  crystals.  The  most  recent  publication  is  one  by 
Robinson  of  the  Hughes  Research  Laboratories  describing  a  Bridgman- 

Stockbarger  method  for  the  growth  of  LaF„:Nd  laser  crystals  in  a  dy- 

7  1  ’  J 

natnic  HF  atmosphere. 

Fig.  2  is  a  schematic  presentation  of  the  crystal  growing 
furnace  employed  in  our  Bridgman  growth  studies.  The  furnace  is  of  a 
stainless  steel,  double-walled,  water  cooled  design.  The  furnace  end 
plates,  also  water  cooled,  are  designed  as  electrical  contacts  for  the 
graphite  resistance  electrode  as  well  as  hydrogen  fluoride  gas  inlet 
and  outlet  ports.  A  radial  sight  tube  sealed  with  a  LaF^  window,  which 
is  impervious  to  the  reactive  hydrogen  fluoride  atmosphere,  is  provided 
for  visual  and  pyrometric  observations.  The  upper  radial  tube  contains 
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a  graphite- tungsten  thermocouple  for  temperature  control.  Power  sup¬ 
plied  by  an  18  KVA  saturable  controlled  reactor  controlled  by  a  1.  N 
Speedomax  proportionating  system. 

The  growth  process  consists  of  lowering  a  conical  bottomed 
crucible  filled  with  zone  refined  LaF^  through  a  sharp  thermal  gradient 
in  the  closely  controlled  hydrogen  fluoride  atmosphere.  Drop  rates  are 
selected  depending  upon  the  cross  section  of  the  crystal  being  grown. 
After  the  growth  cycle  is  completed,  a  programmed  annealing  cycle  is 
utilised  to  remove  strains.  The  crystal  is  then  ready  for  cutting, 
coring  and  optical  polishing. 

3.  OPTICAL  PROPERTIES 

Lanthanum  trifluoride  possesses  several  unique  optical  and  physical 

properties  that  could  make  it  a  promising  new  optical  material.  Table  I 

lists  some  of  the  preliminary  optical  data  obtained  for  single  crystal 

LaF„,  The  optical  transmission  range  of  LaF_  from  1300  A  -  13  u  indi- 
■J  3 

cates  that  it  will  cover  the  spectrum  now  requiring  five  materials  for 
coverage,  namely,  LiF,  CaF2^  ^aF2>  M§F2  anc*  F^F2’  *ts  ^ow  *n(*ex  oF  re" 
fraction^  and  reflection  losses^  permit  its  use  without  costly  anti¬ 
reflection  coatings  being  required.  The  optical  quality  of  LaF^  has 
been  determined  to  be  equivalent  to  that  of  a  fine  optical  glass. 

Fig.  3  is  a  Twyman-Green  interf erogram  of  LaF^  taken  through  a  crystal 
4  cm  long.  distortion  of  the  background  fringe  pattern  was  found 

to  be  sc  !'■  ‘  crystal  had  to  be  rotated  to  polarize  the  pattern 

in  order  tha  '*  be  distiiieuished  from  the  background.  Light 
scattering  cencers  > .  Laf^  have  been  essentially  eliminated  when  the 
oxygen  content  of  f.;>  vstals  is  held  to  10  -  50  ppm  through  the  care¬ 
ful  control  of  the  hydro jen  fluoride  atmosphere. 

..anthanum  fluoride  belongs  to  the  hexagonal  system  and  therefore 
has  an  optic  axis.  The  associated  birefringence  can  be  used  in  the  de¬ 
sign  of  polarizers  and  quarter  wave  plates  for  the  vacuum  ultraviolet. 
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4 .  PHYSICAL  PROPERTIES 

Lanthanum  trifluoride's  physical  properties  are  quite  remarkable 
compared  with  any  of  the  other  halide  crystal  systems  now  employed. 
Table  II  lists  some  of  the  physical  properties  determined  for  LaF^ 
crystals  grown  in  a  hydrogen  fluoride  atmosphere. 

LaF^  has  been  found  to  be  a  very  durable  single  crystal  system. 

Its  hexagonal  structure  is  much  less  prone  to  cleavage  than  are  the 

cubic  systems;  consequently  edge  chipping  is  much  less  of  a  problem. 

3  2 

Dislocation  counts  of  approximately  5  x  10  /cm  are  considerably  below 

those  reported  for  other  single  crystal  halides,  which  are  normally  in 

3  6  2 

the  10  -  10  /cm  range.  The  Knoop  hardness  of  450  allows  excellent 

optical  finishes  to  be  obtained,  with  only  moderate  handling  care  re¬ 
quired  to  maintain  this  surface  quality.  LaF^  has  also  been  found  to 
be  chemically  inert,  as  is  evidenced  by  the  data  showing  low  solubility 
in  various  acids  and  bases.  Thermal  shock  resistance  has  also  been 
determined  to  be  excellent.  Optical  viewports  used  on  our  furnaces, 
in  continuous  operation  for  the  past  two  years  under  reactive  atmos' 
pheric  conditions,  have  seen  many  hundreds  of  thermal  cycles  from  ap¬ 
proximately  150°C  to  20°C.  No  optical  degradation  has  been  observed 
during  this  period.  Crystals  with  thicknesses  ranging  from  7  to  13  mm 
have  been  rapidly  cycled  from  20°C  to  -77 °C  and  back  to  20°C  many  times 
without  fracturing.  The  excellent  compression  and  rupture  strength, 
along  with  a  fair  degree  of  elasticity  and  combined  with  the  chemical 
inertness,  should  allow  very  durable  windows,  lenses,  cells,  prisms, 
etc.  to  be  fabricated  that  will  possess  long  useful  lives. 

Also  of  considerable  interest  is  the  coefficient  of  expansion  for 
LaF^.  Fig.  4  details  the  expansion  vs.  temperature  up  to  1100°C.  This 
curve  is  similar  to  that  of  copper,  the  300  series  of  stainless  steel, 
and  monel.  This  characteristic  could  allow  the  development  of  high 
vacuum,  high  temperature  crystal-to-metal  seals,  eliminating  the  some¬ 
what  undesirable  epoxy,  wax  and  AgCl  type  seals  now  required  for  the 
other  fluoride  systems. 
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5.  CONCLUSIONS 


Considerable  improvements  in  che  optical  and  physical  properties 
of  single  crystal  LaF^  have  been  realized  through  the  use  of  a  dynamic 
hydrogen  fluoride  atmosphere  during  the  entire  growth  and  annealing 
cycles.  Further  increase  in  the  purity  of  the  starting  material  and 
the  crystal  growth  parameters  could  conceivably  extend  its  useful  op¬ 
tical  transmission  range,  especially  into  the  vacuum  ultraviolet,  and 
make  LaF^  an  optical  material  of  considerable  merit. 

******** 
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TABLE  1 


Wavelength  (microns) 
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TABLE  II 

GENERAL  PHYSICAL  PROPERTIES  OF  LaF^ 


Melting  Point  (°C> 

1493 

3 

Density  (gm/cm  ) 

5.966 

Structure 

Hexagonal  (Pd^mcm) 

Lattice  Constants  (a) 

0 

7.184  A 

Lattice  Constants  (C  ) 

0 

7.351  A 

2 

Dislocation  Density  (counts/cm  ) 

3-5  x  103 

Radiation  Resistance  (Rads) 

5x10? 

Dielectric  Constant  (IMC) 

14 

Hardness  (Knoop) 

~450 

Expansion  Coefficient  (10  6) 

15 

Rupture  Modulus  (psi) 

8000 

/ 

Elasticity  Modulus  (psi) 

12  x  l(r 

Compressive  Strength  (psi) 

100.000 

Thermal  Conductivity  (ca»/(s«cHcm2M0C/cm)) 

a  025 

Solubility  (100°C/100  hours): 

¥ 

Mono 

1/2  N  NaOH 

None 

1/2NHC1 

,2gm/100gm 

9 

—ilM  jmtmm 

.  Mi  yn 

1/2  N  H~S04 

1/2  N  HN03 

.25gm/10^gm 
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TWYMAN-GREEN  INTERFEROGRAM  OF  VARIAN-MADE 
LaF3. 10%  Pr3+  ROD  1“  xl/4"  D 

(Photograph  courtesy  of  Dr.  R.  H.  Kingston,  Lincoln  Laboratory.) 


FIGURE  3 
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FIGURE  4 
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LOCALIZED  H“  MODES  IN  RARE  EARTH  TRIFLUORIDES  IN  VIBRONIC  SPECTRA 

G.D.  Jones  and  R.A.  Satten 
University  of  California,  Los  Angeles 


Crystals  of  LaF^,  PrF^  and  NdF3  doped  with  hydrogen  and  deuterium 
have  been  studied  spectroscopically.  Two  strong  polarized  fundamentals 
and  their  combinations  have  been  observed  in  the  infra-red  for  both  H~ 
and  D“  ,  The  fundamentals  appear  also  polarized  in  the  vibronic  spec¬ 
trum  of  pure  NdF3  coupled  to  several  electronic  transitions.  Extra 
electronic  lines  appearing  only  in  the  doped  crystals  occur  on  the  long 
wavelength  side  of  the  usual  rare  earth  electronic  transitions.  From 
frequency  differences,  these  extra  levels  are  the  parent  states  for  the 
local  mode  vibronic  transitions.  The  displacement  of  the  extra  elec¬ 
tronic  lines  from  the  usual  electronic  transitions  is  mainly  due  to  a 
changed  crystalline  field  and  covalency  arising  from  the  replacement 
of  H  for  F  .  and  is  greater  for  higher  levels*  In  addition  the  ex¬ 
tra  electronic  levels  have  slightly  different  frequencies  for  hydroge¬ 
nated  and  deuterated  crystals.  This  isotope  shift  depends  in  both  mag¬ 


nitude  and  sign  on  the  particular  electronic  level  and  ranges  from  0.4 

-14  -14 

cm  for  ^1/2  t0  "2*9  cm  f°r  F7/2  *  This  effect  is  accounted 

for  by  a  large  difference  in  zero  point  amplitude  for  if  and  D~ 


localized  modes  which,  through  the  electron-vibration  interaction,  per¬ 


turbs  each  electronic  level  to  a  different  extent. 
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SPECTRAL  CHARACTERISTICS  OP  ND>  AND  Er> 
TRIETHYLENETETRAMINEHEX A ACETIC  ACID  COMPLEXES 

E.  A.  Boudreaux  and  A.  K.  Mukherji 

Department  of  Chemistry,  Louisiana  State ■ University  in 
New  Orleans,  New  Orleans,  Louisiana  70122 


ABSTRACT 

A  new  series  of  stable  rare  earth  chelates  with  tri- 
ethylenete tramine-hexaacetic  acid  (TTHA)  have  been  prepared 

in  aqueous  solution.  Those  of  Nd^  and  Er^  show  particu- 

ii  A 

larly  striking  intensification  of  the  Gc/p  and  G n/p  ab~ 
sorption  bands  respectively.  '5/  ' 

In  all  cases  the . rare  earth  ion--TTHA  stoichiometry  is 
1:1,  and  on  making  reasonable  assumptions  about  the  complex 
having  the  common. .nine-fold  coordination  of  symmetry, 

the  rationalization  of  these  observations  in  terms  of  a  weak 
covalent  bonding  interaction  does  not  seem  reasonable.  How¬ 
ever,  the  mechapism  of  pseudo-quadrupole  interaction  at  the 
rare  earth  ion  may  perhaps  offer  a  plausible  explanation. 

INTRODUCTION 

The  spectra  of  rare  earth  ions  are  characterized  by 

sharp,  well-defined,  line-like  absorption  bands  occurring 

through  the  near  infrared,  visible  and  ultraviolet  regions, 

depending  upon  the  particular  ion  Involved.  The  many  bands 

found  in  these  regions  are  generally  of  low  intensity  (e 

•  ■’  max 

^7.0)  and  there  is  an  abundance  of  evidence  supporting  the 

fact  that  they  are  associated  with  f-f  transitions  of  a 

particular  fn  configuration. 

These  features  in  the  absorption  spectra  of  rare  earth 
ions  are  consistent  with  the  properties  of  4f  orbitals  pene¬ 
trating  the  atom  core  to  a  considerable  extent  and  are  well 
shielded  from  environmental  perturbations  by  the  outer 
filled  5s  and  5p  orbitals.  Thus,  even  in  what  may  be  con¬ 
sidered  the  strongest  complexes,  the  above  spectral  features 
are  not  significantly  altered,  except  for  small  ligand  field 

splittings  of  the  order  of  100  cm  There  are,  however. 


PRECEDING  PAGE  BLANK 
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some  cases  in  which  certain  absorption  bands  are  intensified 
by  as  much  as  two  to  five  times  the  molar  extinction  coeffi¬ 
cient  of  the  aqueous  ion.  Furthermore,  less  dramatic  ef¬ 
fects  are  sometimes  observed  in  which  one  or  more  bands  are 
broadened  and  the  band  contour  modified.  These  latter  ef¬ 
fects  have  been  invoked  as  evidence  for  the  involvement  of 
4f  electrons  in  some  degree  of  covalent  bonding(l),  and  in 
accord  with  these  views  the  small  splittings  have  been  rein¬ 
terpreted  recently  on  more  quantitative  grounds(2). 


In  most  cases  where  enhancement  of  absorption  intensity 
is  observed,  the  involved  ground  state — > excited  state 
transition  rigorously  obeys  the  selection  rule  AJ  ±  2.  In 
view  of  these  observations,  it  has  been  suggested(3)  that 
the  enhancements  may  be  due  to  pseudo-electric  quadrupole 
radiation  field  across  the  rare  earth  ion,  for  which  the  se- 


For  Nd^*  and  Er^"  this  is  identlfi- 


L972 


5/2 


h 

and  TE 


15/2 


lection  rule  is  AJ  2. 
able  with  the  transitions 
4 

Gll/2  respectively. 

According  to  this  theory,  the  oscillator  strength,  P, 
for  a  given  transition  f j  - ?  f j »  is  given  by 


P 


=  211 

^=2,4,6 


0<x> 


where  X  is  the  frequency  of  the  transition,  U'^  is  a  unit 
tensor  operator  of  rather  complex  form,  and  T,  parameters 

A 

gauging  the  magnitude  of  the  effect  which  are  apparently  as¬ 
sociated  in  some  way  with  the  time  dependence  of  the  transi¬ 
tion.  Furthermore,  T2  of  the  various  T^  is  particularly 

sensitive  to  the  environment  and  is  henceforth  employed  as  a 
measure  of  the  relative  magnitudes  of  the  various  factors 
possibly  contributing  to  an  increase  in  the  oscillator 
strength  of  a  particular  transition.  The  importance  of  T2 

is  further  varlfied  in  the  fact  that  lj(2'  =  0  unless  I  j-j' I 

<2.  ^  1  1 


The  four  principle  phenomenological  effects  contribu¬ 
ting  to  Tg  are: 

1.  forced  electric  dipole  radiation  as  a  result  of  the 
motion  of  the  ion  in  the  solvent  producing  a  charge 
at  some  distance  R  from  the  ionic  nucleus,  giving 
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rise  to  T,-,^; 

2.  mixing  of  vibrational  modes  into  the  electronic  wave 
functions  producing  electric  fields  at  the  ionic  nu~ 

(?) 

cleus,  for  which  the  contribution  is 

( 3) 

3.  contribution  to  T2W'  via  pure  electric  quadrupole 
radiation  in  a  homogeneous  dielectric  environment; 

4.  electric  quadrupole  fields  at  the  ion  in  an  inhomo- 

/  u  \ 

geneous  dielectric  environment,  contributing  to  r'. 

Each  of  these  effects  has  already  been  considered  in  some 

detail(3)  with  respect  to  the  oscillator  strength  of  the 

•4  4  34- 

I°72 - ^  G5/2  transition  of  Nd^  ,  v;hich  has  been  evaluated 

as  I.05  x  10-^  in  aqueous  solutions(4) .  If  it  is  assumed 
that  P  is  increased  by  a  factor  of  four,  then  T0  ~  8.8  x 

-OQ  '  e~ 

10  *“  sec.  Reasonable  estimates  to  the  upper  limit  of  each 
of  the  effects  (1.-4.)  leads  to  the  following  results.  For 

to  have  the  value  8  x  10-20  sec.  requires  unrealistic 

assumptions  regarding  the  solvent  interaction.  Similarly, 

(2)  -22 

T0V  '^5  10  sec.  and  is  thus  not  considered  a  principal 

2  ( 3) 

factor.  Lastly,  values  of  fall  short  by  a  factor  of 

5  d 

10-^  whether  or  not  weak  covalent  bonding  effects  are  con- 

fin 

sidered,  while  estimates  of  ‘  appear  to  be  the  correct 
order  of  magnitude  based  even  on  the  simplest  model. 

EXPERIMENTAL 

Aqueous  NdCl^  and  ErCi,.  solutions  were  prepared  from 

99.9  per  cent  pure  salts  (Michigan  Chemical  Corp.).  These 
were  standardized  by  EDTA  titrations  using  Xylenol  Orange 
indicator. 

A  0.2  M  TTHA  (Geigy  Chemical  Corp.)  was  prepared  by 
dissolving  9*89  gm  of  the  pure  solute  in  40  ml.  of  distilled 
water,  to  which  was  added  (constant  stirring)  30  ml.  of  1.5 
M  NaOH.  The  solution  was  then  heated  to  approximately  80°C 
for  20  minutes  so  as  to  insure  complete  dissolution,  and 
then  made  up  to  100  ml.  total  volume  after  cooling  to  ambi¬ 
ent  temperature. 
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Appropriate  volumes  of  the  rare  earth  chloride  and  TTHA 
solutions  were  thoroughly  mixed  and  then  set  aside  a  i.'ew 
minutes  for  complete  equilibration.  The  spectra  of  these 
solutions  were  then  scanned  against  distilled  water  on  a 
Beckman  DK-1  spectrophotometer. 

RESULTS  AND  DISCUSSION 

Aqueous  solution  spectra  of  Nd-^  and  Er  ,  and  spectra 
with  1:0.5  and  1:1  rare  earth  ion  to  TTHA  ratios  are  pre¬ 
sented  in  Figures  1  and  2. 

Although  in  the  Nd^1"  spectra  (Fig.  1)  several  bands  ap¬ 
pear  to  be  modified  at  a  maximum  Nd^  to  TTHA  ratio  of  1:1, 

4 

the  Gr- /rs  band  shows  significant  enhancement  in  intensity. 

4  4 

the  £5/2  and  G7/p  bands  are,  however,  separated  only  by  a 

few  wave  numbers(5)  and  hence  appear  as  a  single  band  at 

3+-  11 

573  mil.  However,  Er  with  its  4f  configurations  is  three 

14 

electrons  short  of  a  full  f  configuration,  thus  its  spec- 
tral  terms  are  the  same  as  those  of  Nd^  except  for  an  in¬ 
version  in  the  order  of  multiplets.  Hence,  the  ^1-^/2 _ ■> 

4 

Gh/2  transition  occurs  at  372  mp.,  and  is  furthermore  not 

complicated  by  an  overlapping  band  of  different  multiplicity 

as  in  the  case  of  Nd^  .  It  is  this  band  which  shows  the 

most  pronounced  enhancement  in  the  1:1  Er^-TTHA  complex 
(see  Fig.  2). 

The  TTHA  molecule  has  the  structural  formula 

(ho2cch2)2n(ch?)2n-(ch2)2-n-(ch2)2-n-(ch2-cooh)2 

CHo 

I  2  » 

COOH 


CHq 

I 

COOH 


and  thus  as  a  decadentate  ligand  has  a  maximum  potential  co¬ 
ordination  number  of  ten  with  respect  to  a  rare  earth  ion. 
Simple  structural  models  show  that  this  ligand  would  not 
have  to  be  subjected  to  much  strain  in  order  to  achieve  an 
optimum  configuration  for  maximum  coordination.  However, 
there  is  the  alternative  possibility  that  the  coordination 
may  involve  only  the  terminal  carboxyl  groups,  their  respec¬ 
tive  nitrogen  atoms  and  three  additional  water  molecules,  to 
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give  a  M(TTHA)(H20)^~  complex  analogous  to  the  known 

La(EDTA)(H20)^-  complex(6).  Since  the  water  molecule  is  such 

a  strong  coordinating  ligand  for  rare  earths.,  this  latter 
assumption  is  adopted  in  further  discussion. 

Although  it  has  already  been  pointed  out  that  electric 
quadrupole  effects  may  be  of  prime  importance,  it  is  none  the 
less  of  interest  to  attempt  at  least  a  qualitative  explana¬ 
tion  of  the  observed  effects  in  terms  of  the  weak  covalent 
interaction  mechanism  suggested  by  Jorgensen,  et.al.(2).  On 
the  assumption  that  both  Nd(TTHA ) (H20) and  Er(TTHA) (H20)^- 

are  symmetrical  complexes  having  point  group  symmetry  ^3^, 

the  transformation  properties  of  the  seven  f  symmetry  orbi¬ 
tals  of  the  rare  earth  ion  and  the  a  group  orbitals  of  the 
ligands  may  be  derived  as  shown  in  Table  I.  The  bonding  is 
then  considered  to  arise  through  antibonding  combination  of 
the  form  where  is  the  appropriate  atomic  f  orbital  and 

y'mo  =  a  -  b 

the  a-group  orbitals  of  the  ligands.  The  interaction  is 
strongest  when  b>a  thus  spreading  electron  density  onto  the 
ligands.  The  relative  ordering  of  the  resulting  y^mo's  is  an 
indication  of  which  f  orbitals  attain  added  stabilization. 

It  is  conceivable  that  mixing  of  the  lowest  lying'f'mo 
with  a  non-bonding  f  orbital  could  further  remove  the  forbid¬ 
den  character  inherent  in  pure  f-f  transitions,  and  thus  en¬ 
hance  the  intensity  of  the  involved  absorption  band.  A  qual¬ 
itative  representation  of  this  effect  is  presented  in  Figure 
3.  The  diagram  is  constructed  empirically  relative  to  the 
data  derived  for  the  neodymium  and  erbium  ethyl  sulfates(2). 
The  62(6'),  Tr(e')  and  0(a2’)  are  assigned  as  singularly  occu¬ 
pied  f  orbitals  having  orbital  quantum  numbers  appropriate  to 
^G  transitions.  For  Nd(TTHA) (H20)^“  this  scheme  places  the 
a(a1")  antibonding  orbital  some  50  cm"'1'  above  the  0^(a2‘) 
non-bonding  orbital,  while  this  separation  is  at  least  100 
cm-1  in  Er(TTHA)(H20)^“.  Thus  the  enhancement  of  the^G,-^ 
band  in  Nd^4"  should  be  greater  than  that  of  the  ^Gjl/2  in 

Er^4".  However,  this  is  apparently  not  the  case  since  the 
ratio  of  the  molar  extinction  coefficient  of  Nd(TTHA) (Hq0), 

to  that  of  the  aqueous  Nd^  ion  is  about  2*4,  while  this  ratio 

for  Er(TTHA )  (HgO)^"  to  the  aqueous  Er^4"  ion  is  4.0. 
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Consequently  this  simple  interpretation  does  not  seem  to 
provide  an  adequate  explanation  of  the  observed  effects. 

A  logical  explanation  may  indeed  lie  in  the  mechanism 
of  pseudoquadrupole  radiation  in  the  environment  of  an  inho¬ 
mogeneous  dielectric  as  pointed  out  earlier,  but  the  data 
necessary  to  test  this  hypothesis  is  unattainable  for  the 
cases  in  point.  Nevertheless,  if  this  mechanism  is  indeed 
reasonable,  then  it  is  anticipated  that  the  intensity  of  the 
transition  should  increase  regularly  with  increasing  polari¬ 
zability  of  the  environment,  particularly  in  those  cases 
where  the  interaction  of  the  environment  with  the  rare  earth 
ion  is  chemically  similar. 

■ZjL. 

The  absorption  spectra  of  Nd^  and  Er^  acetylaceto- 
nates  in  various  solvents  having  widely  different  dielectric 
properties  have  been  reported  by  Moeller  and  Ulrich(7)‘  Al¬ 
though  these  data  may  be  subject  to  some  criticism  owing  to 
the  lack  of  knowledge  of  the  exact  extent  of  hydration  of 
the  solutes,  the  reported  analytical  data  nevertheless  seem 

5H7°2V 

Furthermore,  the  fact  that  these  particular  complexes  may 
have  been  hydrated  seems  rather  unlikely  in  view  of  the  sol¬ 
vents  in  which  they  were  dissolved.  The  pertinent  data  are 
reproduced  in  Table  II,  and  the  solvents  have  been  grouped 
according  to  their  chemical  similarity.  The  effective  molar 
polarizabilities,  (o^m)eff  were  calculated  from  the  Clausius- 

Mosotti  equation  employing  dielectric  constants  available 
from  the  literature.  In  addition  to  the  molar  polarizabili¬ 
ties  of  the  solvents  themselves,  the  differences  in  polari¬ 
zabilities  between  the  various  solvents  and  acetylacetone, 
A(odm)eff,  are  also  reported.  These  data  show  no  apparent 

correlation  between  trends  in  molar  extinction  coefficients, 
€  ,  and  either  solvent  polarizability  or  A(oc  )eff.  In 

IllaJt  m 

fact  in  some  instances  the  anticipated  trends  are  even  re¬ 
versed. 

Although  these  findings  are  by  no  means  sufficient  to 
say  conclusively  that  the  mechanism  of  pseudoquadrupole  in¬ 
teraction  is  not  primarily  responsible  for  the  effects  ob¬ 
served  in  the  spectra  of  the  Nd^*  and  Er^*  TTHA  complexes, 
they  do  give  cause  for  some  skepticism  in  accepting  this  as 
the  ultimate  explanation.  In  the  light  of  these  results,  it 
seems  more  reasonable  to  conclude  that  a  combination  of  fac¬ 
tors;  i.e.  covalent  interaction,  pseudoquadrupole,  vibra¬ 
tional  and  induced  dipole  effects,  each  properly  weighted  in 
its  own  right,  collectively  contribute  to  the  net  effect. 


consistent  with  the  formulations  Nd(C^H^02)^  and  Er(C 
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Absorption  Spectra  of  Nd" 
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Fig.  2 


Absorption  Spectra  of  Er 
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EMPIRICAL  ONE  ELECTRON  ENERGIES  OP  Nd(TTHA) (Ho0)  (A) 
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The  symmetry  designation  of  the  f-orbitals. 

The  a -orbital  combinations  for  2P  oxygen  orbitals. 
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CHANGES  IN  MOLAR  EXTINCTION  COEFFICIENTS  FOR  Nd5^ 
AND  Er-^  ACETYLACETONATES 


Nd(C5H702)3: 

TABLE  II 

Solvent 

A(m|i) 

£ 

max. 

(cCm)aeff 

A(c<'m)tleff 

Me  OH 

585 

21.6 

14.7 

21.6 

EtOH 

584 

25.4 

20.5 

15.8 

n -But OH 

584 

20.4 

30.5 

3-8 

cci4 

586 

21.1 

11.1 

25-2 

CHC1, 

3 

585 

23.4 

17*8 

18.5 

Benzene 

586 

25.2 

10.5 

25-8 

Toluene 

586 

22.9 

130 

23.0 

Er(C5H7Og)3: 


Solvent 

A(m|i) 

€ 

max. 

(oQn)eff 

A«m)beff 

MeOH 

379 

36.0 

14.7 

21.6 

EtOH 

378 

25.1 

20.5 

15.8 

n -But  OH 

378 

29.8 

30.5 

5.8 

cci4 

378 

35.2 

11.1 

25.2 

CHC1, 

378 

38.6 

17.8 

18.5 

Benzene 

378 

29.6 

10-5 

25.8 

Toluene 

378 

290 

130 

23.0 

a)  The  effective  molar  polarizability  calculated  from  the 
molecular  Clausius-Mosotti  equation. 

b)  The  difference  in  the  effective  molar  polarizability  be¬ 
tween  the  solvent  and  acetylacetone  (ocm  =  36.3). 
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ABSTRACT 


The  use  of  Alizarin  Red  S,  Chro mo trope  23,  4- (2- 
pyridylazo)  resorcinol,  2- (p-sulphophenylazo) -1:8- dihydroxy- 
naphthalene-3 :6~disulphonate ,  Thoron,  Chrome  Azurol  S, 
Aluminon  and  Xylenol  Orange,  as  chromogenic  reagents  for  the 
lanthanoids  has  been  described.  They  are  sensitive,  but  not 
selective  for  the  rare  earths.  Xylenol  Orange  and  2-(p- 
sulphophenylazo)-l:8  dihydro xynaphthalene  3;6-disulphonate 
are  particularly  suitable,  the  former  being  highly  sensitive 
and  the  latter  being  more  tolerant  towards  other  cations. 

INTRODUCTION 

The  methods  for  the  detection  and  determination  of 
metal  ions  with  colourless  reagents  have  recently  been  found 
to  be  inadequate  for  analytical  purposes  in  view  of  the 
increasing  demand  for  sensitivity.  Hence,  there  is  growing 
tendency  to  employ  organic  coloured  reagents,  especially 
dyes,  which  are  usually  more  sensitive.  For  the  rare  earth 
elements,  the  following  chromogenic  reagents  have  been  des¬ 
cribed  in  recent  years  :  Alizarin  Red  S  (23),  Tiron  (24), 
Arsenazo  I  (12),  Arsenazo  III  (25),  Pyrocatechol  Violet  (31), 


■*  Supported  by  grants  from  the  Council  of  Scientific  and 
Industrial  Research,  New  Delhi, 
t  Present  address  ;  Erie  County  Laboratory,  462  Grider 
Street,  Buffalo -15,  li.Y.  (U.S.A.) 
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l-(2-pyridylazo)  2-naphthol  (28),  Thymolphthalexan  (20), 
Bromopyrogallol  Red  (9)  and  Ilaematoxylin  (27). 

The  present  paper  describes  the  use  of  some  organic 
chromogenic  reagents,  studied  in  these  laboratories,  which 
form  coloured  chelates  with  the  lanthanoids ,  and  are  there¬ 
fore  useful  in  colorimetric  analysis. 

EXPERIMENTAL 

Instruments  :  All  measurements  were  made  with  a  Unicam  SP 
500  spectrophotometer  using  1  cm  glass  cells.  A  Leeds  and 
Northrup  direct  reading  pH  indicator  with  a  glass -calomel 
electrode  system  was  used  for  pH  measurements. 

Metal  Solutions  :  Standard  solutions  of  the  rare  earths 
(Johnson  Matthey  and  Co.)  were  prepared  by  dissolving  either 
their  oxides  or  chlorides  in  dilute  hydrochloric  acid,  and 
then  diluting  to  the  required  extent. 

Reagent  Solutions  :  The  standard  solutions  of  the  reagents 
were  made  by  dissolving  known  weights  of  pure  samples  in 
water.  Xylenol  Orange  was  dissolved  in  10)1  aqueous  ethanol. 
All  the  reagents  were  obtained  from  British  Drug  Houses , 
except  PAR  which  wa s  of  E. Merck  make. 

Table  1.  Chromogenic  Reagents  for  the  Rare  Earths 


Abbreviated 

Chemical  name  Trivial  name  name 


1.  3n-Sulpho-2u  ?6-dichloro-3  ?3 1  - 


dimethyl-4-hydroxyfuchsone- 
5:5* -dicar boxy lie  acid 
(sodium  salt) 

Chrome  Azurol  S 

CAS 

3:3*  -bis  IT :N-di ( carboxymethyl) 

am  ino  me  thyl -o  -  c  re  s  o  Isu  lp  hon - 
phthalein 

Xylenol  Orange 

DCAC 

Ammonium  aurir.  tricar  bo  xylate 

Aluninon 

AAC 

4-(2-Pyridylazo) -resorcinol 

*  *  • 

PAR 

2- ( p-Suiphophenylazo )-l:8- 
dihydroxynaohthalene-3 :6- 
disulphonic  acid  (sodium  salt) 

•  •  • 

SPADIJS 

p -H itroben zen  e  azo  chromo tropic 
acid  (sodium  salt) 

Chromo trope  2B 

CTB 

1- ( o -ar  s  o  no  phenylazo ) - 2 - 
naphthol-3:6~disulphonic 
acid  (sodium  salt) 

Thoron 

APANS 

1: 2-dihydroxyanthraquinone 
3-sulphonic  acid  (sodium 

salt) 

Alizarin  Red  S 

ARS 

Conditions  of  Study  :  All  experiments  were  performed  in  an 
air  conditioned  room  at  25°±1°C.  The  total  volume  of  all 
the  mixtures  -were  kept  25  ml  and  pH  was  adjusted  at  a  cons¬ 
tant  level  by  the  addition  of  suitable  amounts  of  hydrochlo¬ 
ric  acid  or  sodium  hydroxide.  In  the  case  of  AAC,  mannitol 
was  added  to  prevent  the  separation  of  the  lakes.  In  view 
of  the  high  value  of  the  absorbance  of  some  of  the  reagents 
at  the  wavelengths  of  maximum  absorbance  of  the  correspond¬ 
ing  chelates,  the  observations  were  recorded  at  wavelengths 
where  the  differences  between  the  absorbances  of  the 
chelates  and  of  the  reagent  alone,  were  appreciable. 

Rate  of  Colour  Formation  and  Stability  of  Colour  at  Room 
Temperature  :  In  some  cases  colour  formation  was  instantane¬ 
ous,  while  in  others  10  to  30  minutes  were  required  to  deve¬ 
lop  the  full  intensity.  Therefore,  the  absorbance  measure¬ 
ments  were  performed  after  equilibration  for  a  period  of  one 
hour  in  each  case.  Once  the  mixture  attains  the  maximum 
colour  intensity,  the  absorbance  does  not  change  even  after 
standing  for  24  hours. 


Order  of  Addition  of  the  Reagent  :  The  effect  of  the  order 
of  addition  of  the  reactants  has  hardly  any  effect  on  the 
sensitivity  of  the  reaction  or  on  the  absorbance  values. 


Influence  of  Temperature  :  Temperature  has  no  effect  on 
the  colour  intensity  from  5°~90°C?  but  if  the  mixtures  are 
boiled  for  a  long  time  the  lakes  rend  to  precipitate. 


Effect  of  Reagent  Concentration  :  Mixtures  were  prepared 
with  constant  metal  ion  and  varying  reagent  concentrations. 
The  absorbances  were  noted  at  definite  wavelengths .  At 
least  4-6  times  excess  of  the  reagent  is  necessary  to 
develop  the  maximum  colour  intensity. 
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Absorption  Maxima  of  the  Chelates  :  Several  mixtures 
containing  metal  ion  :  ligand  in  the  ratio  of  (a)  0:1,  (b) 
1:0.5,  (c)  1:1,  (d)  1:2,  (e)  1:3  and  (f)  1:4,  were  prepared 
at  fixed  pH  and  absorbances  were  measured  between  350  and 
650  mu.  The  wavelength  of  maximum  absorbance  in  (a)  indi¬ 
cated  the  \iax  of  the  reagent,  while  the  ^nax  ^be  chelate 
was  found  from  the  spectral  curves  of  the  other  mixtures. 

Influence  of  pH  ;  The  ligands  used  in  this  work,  being 
dyes,  change  in  colour  with  the  variation  of  pH.  The  metal 
chelates  also  show  changes  in  colour  as  the  hydrogen  ion 
concentration  is  varied.  A  number  of  mixtures  containing 
known  excess  of  ligands  were  prepared  and  pH  adjusted  to 
different  values.  The  pH  range  within  which  the  absorbance 
(at  the  A max  of  the  chelate  or  at  the  wavelengths  of  obser¬ 
vation)  remains  constant  is  the  effective  pH  range  for  the 
photometric  determinations. 

Beer fs  Law  :  Mixtures  were  prepared  by  keeping  the  reagent 
in  excess  and  adding  varying  amounts  of  the  metal  ions, 
keening  the  total  volume  constant.  The  range  of  concentra¬ 
tion  for  adherence  to  Beer’s  law  in  p.p.m.  for  each  system 
was  determined.  From  the  Beer-law  plots,  the  range  of 
effective  photometric  determination  in  p.p.m.  was  evaluated 
for  each  system. 

Sensitivity  :  The  sensitivity  of  the  colour  reactions  has 
been  expressed  in  pg  of  element  per  sq.  cm.  for  absorbance 
of  0.001,  as  defined  by  Sandell.  Different  mixtures  con¬ 
taining  excess  of  the  reagent  and  metal  ion  in  varying  con¬ 
centrations,  were  prepared  and  absorbances  were  noted 
against  reagent  blank.  The  sensitivity  index  was  then 
calculated. 


RESULTS  AND  DISCUSSION 

The  results  obtained  from  a  study  of  the  various 
reagents  and  their  chromogenic  reactions  with  the  rare 
earths,  are  briefly  described  in  the  following  account. 

S 


Several  workers  have  studied  the  chromogenic  reac¬ 
tions  of  ARS  with  the  lanthanoids  (5,8,11,23,30).  In  con¬ 
tinuation  with  our  studies  (IS)  of  the  ARS  chelates  of 
scandium  (III)  and  yttrium  (III),  we  have  now  obtained  the 
analytical  data  of  the  rare  earths  with  ARS.  The  results 
are  summarized  in  table  2. 
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Table  2 .  Photometric  Determinations  with  ARS 

Composition  of  the  chelates  -  Metal: Reagent  =  1:2:  pH  of 
study  4.0;  Wavelength  of  study  530  mp;  Amax  of  ARS  =*420  mu 5 
Molar  excess  of  the  reagent  =  4-fold. 


Rare 

Wavelength 

Range  for  effec- 

Sensitivity 

earth 

maximum 

tive  determina- 

Optimum  pH 

Index 

(hi) 

(rap) 

tion  (p.p.m.) 

range 

pg/cm2 

Sc 

500 

0.3  -  12.0 

3.5  —  4.3 

0.020 

Y 

510 

0.6  -  25.0 

4.0  -  4.5 

0.089 

La 

520 

1.0  -  8.0 

3.7  -  4.5 

0.087 

Ce 

520 

1.0  -  8.0 

3.7  -  4.5 

0.093 

Pr 

525 

1.0  -  8.0 

3.7  -  4.3 

0.090 

Nd 

520 

1.0  -  8.0 

3.7  -  4.3 

0.072 

Sm 

520 

1.0  -  8.0 

3.7  -  4.3 

0.100 

Eu 

530 

1.0  -  8.0 

3.7  -  4.3 

0.100 

Gd 

520 

1.0  —  8.0 

3.7  —  4.3 

0.078 

Tb 

520 

1.0  -  9.0 

3.7  -  4.5 

0.070 

Ry 

530 

1.0  —  9.0 

4.0  -  4.5 

0.080 

Ho 

530 

0.8  -  17.0 

4.0  -  4.5 

0.082 

Er 

530 

0.8  -  15.0 

3.7  -  4.3 

0.083 

Tm 

520 

0.8  -  10.0 

3.7  -  4.3 

0.084 

Yb 

520 

0.8  -  10.0 

3.7  -  4.3 

0.086 

Lu 

520 

0.9  -  12,0 

4.0  -  4.5 

0.086 

Chromotrone  2B 

The  excellent  chromogenic  and  chelating  properties 
of  CTB  and  our  earlier  studies  of  their  metal  chelates  (18)) 
prompted  the  present  study  and  we  have,  for  the  first  time, 
observed  the  formation  of  coloured  chelates  of  the  lantha- 
noids  with  CTB.  A  summary  of  the  work  is  given  in  table  3. 

Table  3.  Photometric  Determinations  with  CTB 

Composition  of  the  chelates  -  Metal :Reagent  =  1:1;  pH  of 
study  6.0;  Wavelength  of  study  580  mp;  Vax  =  515  mp; 

Molar  excess  of  the  reagent  =  4-fold. 


Rare  Wavelength  Range  for  effec-  Sensitivity 

earth  maximum  tive  deterraina-  Optimum  pH  Index 

(III)  (mp) _ tion  (p.p.m.) _ range _ pg/cm2 

Sc  530  0.3  —  3.0  5.5  —  6.5  0.022 

Y  530  0.5  -  5.0  5.5  -  6.5  0.044 

Contd. . . 
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La 

540 

0.5 

_ 

9.0 

5.5 

- 

6.5 

0.139 

Ce 

540 

0.6 

- 

10.0 

5.7 

- 

6.5 

0.093 

Pr 

535 

0.6 

- 

10.0 

5.7 

- 

6.5 

0.070 

Nd 

540 

0.7 

— 

8.0 

5.5 

— 

6.5 

0.070 

Sm 

530 

2.0 

- 

8.0 

5.5 

— 

6.3 

0.070 

Eu 

530 

0.7 

- 

15.0 

5.5 

- 

6.5 

0.080 

Gd 

530 

0.7 

_ 

6.0 

5.7 

— 

6.7 

0.100 

Tb 

540 

0.5 

- 

5.0 

5.7 

- 

6.5 

0.100 

Dy 

530 

0.7 

M 

9.0 

5.7 

- 

6.5 

0.080 

Hb 

545 

0.8 

9.0 

5.8 

6.5 

0.082 

Er 

540 

0.8 

- 

10.0 

5.8 

— 

6.3 

0.083 

Tm 

540 

0.8 

— 

10.0 

5.7 

mm 

6.5 

0.084 

Yb 

540 

0.8 

mm 

12,0 

5.7 

mm 

6.5 

0.086 

Lu 

540 

0.8 

— 

15.0 

5.7 

mm 

6.5 

0.088 

4-(2-Pyridylazo)  Resorcinol 

PAR  has  recently  been  suggested  as  a  chromo genic 
reagent  for  the  determination  of  metal  ions  (3,10).  This 
reagent  belongs  to  the  same  family  as  l-(2-pyridylazo)  naph- 
thol  (PAR)  but  has  the  added  advantage  of  being  soluble  in 
water.  We  have  earlier  reported  (16)  the  analytical  data 
for  the  spectropho tome trie  determination  of  the  rare  earths 
■with  PAR,  which  are  summarised  in  table  4. 

Table  4.  Photometric  Determinations  with  PAR 

Comnosition  of  the  chelates  -  Metal: Re agent  =  1:2;  pH  of 
study  6.2;  A  may  of  PAR  =  410;  Molar  excess  of  the  reagent  = 
4-fold. 

Rare  Wavelength  Range  for  effec-  Sensitivity 

earth  maximum  tive  determine-  Optimum  pH  Index 

(III)  (mu)  tion  (p.p.m.)  range  jig/cm^ 


Y 

515 

0.5. 

- 

4.0 

5.5 

_ 

7.0 

0.029 

La 

515 

0.4 

Mi 

6.0 

5.8 

— 

7.0 

0.043 

Ce 

515 

0.4 

- 

7.0 

6.0 

7.0 

0.053 

Pr 

515 

0.4 

~ 

7.0 

6.0 

M. 

7.0 

0.056 

Nd 

515 

0.5 

- 

6.0 

6.0 

- 

7.0 

0.028 

Sm 

515 

0.5 

- 

6.0 

6.0 

*• 

7.0 

0.025 

Eu 

515 

0.5 

mm 

6.0 

6.0 

_ 

7.0 

0.034 

Gd 

515 

0.5 

— 

6.0 

6.0 

- 

7.0 

0.036 

Tb 

515 

0.4 

mm 

7.0 

6.0 

- 

7.0 

0.039 

Dy 

515 

0.4 

- 

7.0 

6.0 

— 

7.0 

0.032 

Hb 

515 

0.4 

- 

7.0 

6.0 

- 

7.0 

0.041 

Er 

515 

0.5 

- 

6.0 

6.0 

- 

7.0 

0.025 

Tm 

515 

0.5 

- 

6.0 

6.0 

- 

7.0 

C.033 

Contd. . . 
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Yb  515  0.5  -  6.0 

Lu  515  0.5  -  6.0 


6.0  -  6.8  0.043 

6.0  -  7.0  0.045 


2-(p-Sulphophenyla2o)-l:8-dihydroxynaphthalene  3 :6- 

disulphonate 

The  use  of  SP ADITS  in  the  determination  of  thorium  and 
zirconium  has  been  described  (1,2).  The  formation  of  colo¬ 
ured  chelates  with  the  rare  earths  have  been  reported  for 
the  first  time  from  these  laboratories  (17).  Similar  to  the 
other  known  reagents  for  the  rare  earths,  this  reagent  is 
not  selective  but  is  quite  sensitive  under  the  conditions 
described.  The  results  are  given  in  table  5. 


Table  5.  Photometric  Determinations  with  SPADNS 


Composition  of  the  chelates  ~  Metal:Reagent  =1:1:  pH  of 
study  6.0;  Wavelength  of  study  580  up;  Amax  of  SPADNS  = 
515  ap;  Molar  excess  of  the  reagent  =  6 -fold 


Rare 

Wavelength 

Range 

t  for  effec- 

Sensitivity 

earth 

maximum 

tive 

determina- 

Optimum  pH 

Index 

(III) 

(mp) 

tion 

(p.p.m.) 

range 

pg/cm^ 

Y 

555 

0.3 

-  2.5 

5.7  -  6.5 

0.038 

La 

545 

0.5 

-  3.8 

5.7  -  6.5 

0.033 

Ce 

545 

0.5 

-  3.8 

5.7  -  6.5 

0.035 

Pr 

550 

0.4 

-  4.0 

5.8  -  7.0 

0.035 

ITd 

550 

0.3 

-  4.0 

5.8  -  6.3 

0.020 

Sm 

565 

0.3 

-  4.0 

5.8  -  6.3 

0.017 

Eu 

560 

0.3 

-  4.0 

5.7  -  6.3 

0.022 

Gd 

560 

0.3 

-  4.0 

5.7  -  6.3 

0.024 

Tb 

560 

0.4 

—  4.0 

5.8  -  7.0 

0.026 

Dy 

560 

0.3 

-  4.0 

5.8  -  6,5 

0.023 

Ho 

565 

0.4 

A  A 

-  <±.U 

5.8  -  6.5 

0.027 

Er 

565 

0.3 

-  4.0 

5.8  -  6.5 

0.016 

Tm 

560 

0.4 

-  4.0 

5.8  -  6.3 

0 . 024 

Yb 

565 

0.4 

-  4.0 

5.7  -  7.0 

0.034  • 

Lu 

565 

0.4 

-  4.0 

5.7  -  7.0 

0.036 

Thoron 

Some  observations  are  available  on  the  chromogenic 
reactions  of  rare  earths  with  thoron  (13,14).  A  detailed 
study  of  the  lanthanoid  chelates  of  thoron  has  now  been 
done  and  table  6  describes  the  results. 
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Table  6.  Photometric  Determinations  with  APAIIS 

Composition  of  the  chelates  -  Metal :Reagent  =  1:2:  pH  of 
study  4.0;  Wavelength  of  study  545  mp;  AmaX  of  APiNS  = 

480  mp;  Molar  excess  of  the  reagent  =  4~fold 


Hare 

Wavelength 

Range  for  effec- 

Sensitivity 

earth 

maximum 

tive  determina- 

Optimum  pH 

Index 

(in) 

(myi) 

tion  (p.p.m.) 

range 

pg/an^ 

Sc 

500 

0.3  -  2.0 

3.7  - 

4.5 

0.022 

Y 

500 

0.4  -  10.0 

3.7  - 

4.5 

0.042 

La 

515 

0.6  -  12.0 

4.0  - 

4.5 

0.046 

Ce 

500 

0.6  -  8.0 

3.7  - 

4.5 

0.070 

Pr 

500 

0.8  -  8.0 

3.7  - 

5.0 

0.094 

lid 

500 

0.6  -  9.0 

3.7  - 

5.0 

O.CSO 

Sm 

500 

0.8  -  9.0 

3.5  - 

4.5 

0.075 

Eu 

500 

0.8  —  10 . 0 

3.7  - 

4.5 

0.076 

Gd 

500 

1.0  -  9.0 

3.7  - 

4*5 

0.100 

Tb 

500 

0.8  -  12.0 

3.7  - 

4.5 

0.071 

% 

500 

1.0  -  9.0 

3.7  - 

5.0 

0.080 

Ho 

500 

1.0  -  8.0 

3.7  - 

5.0 

0.082 

Er 

500 

0.8  -  15.0 

3.5  - 

4.5 

0.083 

Tm 

500 

1.0  •*  9.0 

3.7  - 

5.0 

0.084 

Yb 

500 

1.0  -  9.0 

3.7  - 

5.0 

0.086 

Lu 

500 

1.0  -  10.0 

3.7  - 

5.0 

0.087 

Chrome  Azurol  S 

CAS  forms  coloured  chelates  with  many  metals  (7). 
The  chrowogenic  reactions  of  the  lanthanoids  with  CAS  were 
noted  for  the  first  time  in  these  laboratories  and  details 
of  the  experimental  findings  are  recorded  in  table  7. 

Table  7.  Photometric  Determinations  with  CAS 

Composition  of  the  chelates  -  Metal :Reagent  =  1:1:  pH  of 
study  6.0;  \iax  °f  GAS  "  420  Molar  excess  of  uhe 
reagent  =  4-fold. 


Hare 

earth 

(III) 

Wavelen  gth 
of  study 
(rap) 

Range  for  effec¬ 
tive  determina¬ 
tion  (p.p.m.) 

Optimum  pH 
range 

Sensitivity 

Index 

pg/cm2 

Sc 

560 

1.0  -  8,0 

5.5  -  6.3 

0.050 

Y 

500 

1.0  -  7.0 

5.7  -  6.5 

0.092 

La 

520 

1.0  -  6.0 

5.7  -  6.3 

0.139 

Ce 

520 

0.7  -  6.0 

5.7  -  6.5 

0.093 

Contd. . . 
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Pr 

500 

1.0 

_ 

8.0 

5.7 

6.5 

0.075 

lid 

520 

0.7 

- 

8.0 

5.7 

— 

6  .3 

0.070 

Sm 

520 

0.8 

— 

8.0 

5.7 

— 

6.3 

0.075 

Eu 

550 

0.5 

— 

7.0 

5.5 

6.5 

0.056 

Gd 

520 

0.8 

— 

8.0 

5.7 

— 

6.5 

0.078 

Tb 

520 

0.8 

_ 

8.0 

5.5 

— 

6.5 

0.053 

Dy 

540 

0.8 

- 

8.0 

5.7 

— 

6.3 

0.069 

Hb 

550 

1.0 

— 

8.0 

5.8 

— 

6.5 

0.082 

Er 

520 

1.0 

_ 

9.0 

5.8 

6.3 

0.167 

Tm 

520 

0.6 

— 

6.0 

5.8 

6.3 

0.113 

Yb 

550 

1.0 

— 

8.0 

5.8 

— 

6.5 

0.113 

Lu 

550 

1.0 

- 

9.0 

5.8 

mm 

6.3 

0.140 

Aluminon 

Aluminon,  like  CAS,  gives  a  large  number  of  colour 
reactions  with  metal  ions  (7).  Corey  and  Rogers  (6)  repor¬ 
ted  that  AAC  forms  coloured  products  with  scandium.  In  the 
present  paper  details  of  the  experimental  findings  are 
worked  out  for  the  spectro photometric  determination  of  the 
rare  earths,  and  the  results  are  given  in  table  8. 

Table  8.  Photometric  Determinations  with  AAC 

Composition  of  the  chelates  -  Metal:Reagent  -  1:1:  pH  of 
study  6.0;  ^max  °f  AAC  =  520  mP-5  Molar  excess  of  the 
reagent  =  4-fold. 


Rare  Wavelength  Range  for  effec-  Sensitivity 

earth  maximum  tive  determ  in  a-  Optimum  pH  Index 

(III)  (mu)  tion  (p.p.m.) _ range  ug/cm2 


Y 

540 

0*5 

12.0 

5.5 

mm 

6.5 

0.029 

La 

540 

1.0 

— 

9.0 

5.5 

- 

6.5 

0.069 

Ce 

540 

0.6 

— 

10.0 

5.5 

mo 

6.5 

0.070 

Pr 

540 

0.6 

_ 

14.0 

5.5 

mm 

6.5 

0.056 

lid 

540 

0.5 

— 

15.0 

5.5 

mm 

6.5 

0.057 

Sm 

540 

0.4 

mm 

18.0 

5.5 

am 

6.5 

0.070 

Eu 

540 

0.4 

- 

18.2 

5.5 

— 

6.5 

0.038 

Gd 

540 

0.4 

mm 

18.8 

5.5 

- 

6.5 

0.039 

Tb 

540 

0.4 

mm 

39.0 

5.5 

mtm 

6.5 

0.039 

Dy 

540 

0.4 

mm 

39.4 

5.5 

mm 

6.5 

0.040 

Ho 

540 

0.4 

mm 

39.7 

5.5 

mm 

6.5 

0.041 

Er 

540 

0.4 

mm 

20.0 

5.5 

mm 

6.5 

0.042 

Tm 

540 

0.5 

mm 

23.3 

5.5 

mm 

6.5 

0.042 

Yb 

540 

0.5 

— 

24.0 

5.5 

mm 

6.5 

0.043 

In 

540 

0.5 

- 

25.0 

5.5 

« 

6.5 

0.043 
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Xylenol  Orange 

Xylenol  Orange  has  been  used  in  the  determination  of 
various  rare  earths  including  yttrium  (26,29),  praseodymium 
(27),  neodymium  (27,28),  samarium  (4.22,27),  gadolinium  (4), 
dysprodium  (4).  holmium  (27),  and  ytterbium  (4).  We  have 
also  worked  out  In  detail  (15)  the  analytical  data  for  the 
colorimetric  determination  of  rare  earths  with  DCAC.  The 
results  are  reproduced  in  table  9 . 

Table  9.  Photometric  Determinations  with  DCAC 

Composition  of  the  chelates  «  MetalrReagent  =  1:1;  pH  of 
study  5.0;  AmaX  °£  DCAC  =  440  Molar  excess  of  the 
reagent  =  4-fold. 


Rare 

Wavelength 

Range  for  effec- 

Sensitivity 

earch 

maximum 

tive  de term in a- 

Optimum  pH 

Index 

(III) 

(mji) 

tion  (p.p.m.) 

range 

jig/cm^ 

Y 

580 

7.5  -  50 

4.7  - 

5.5 

0.015 

La 

580 

10.0  -  75 

4 .8  — 

5.3 

0.022 

Ce 

585 

12.5  -  75 

4.8  - 

5.3 

0.023 

Pr 

585 

12.5  -  75 

4.8  - 

5.3 

0.028 

Nd 

580 

7.5  -  75 

4.7  - 

5.4 

0.014 

Sm 

585 

7.5  -  3D0 

4.8  - 

5.3 

0.007 

Eu 

585 

7.5  -  100 

4.8  - 

5.3 

0.016 

Gd 

580 

7.5  -  100 

4.8  - 

5.3 

0.020 

Tb 

580 

10.0  -  100 

4.8  — 

5.4 

0.026 

Ry 

580 

10.0  -  100 

4.7  - 

5.3 

0.020 

Ho 

580 

10.0  -  100 

4.7  - 

5.5 

0.016 

Er 

580 

10.0  -  100 

4.7  - 

5.4 

0.0 12 

Tm 

580 

10.0  -  100 

4.7  - 

5.4 

0.010 

Yb 

580 

12.5  -  112 

4.7  - 

5.4 

0.021 

Lu 

580 

12.5  -  115 

4.7  - 

5.4 

0.019 

Unfortunately  none  of  these  reagents  described  here, 
are  specific  for  the  individual  rare  earth  metals.  The 
reagents  known  so  far  give  colour  reactions  with  all  the 
elements  of  the  family,  producing  almost  similarly  coloured 
chelates.  However,  chromatography  and  ion  exchange  separa¬ 
tion  procedures  enable  a  sharp  separation  of  the  individual 
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lanthanoids.  So  the  main  requirements  of  the  reagents  are 
now  :  (i)  high  sensitivity,  (ii)  water  solubility  to  avoid 
organic  solvent  extraction  and  (iii)  reproducibility. 

The  above  mentioned  criteria  are  satisfied  by  the 
reagents  investigated  in  this  work.  DCAC  is  the  most  sensi¬ 
tive,  but  also  gives  colour  reactions  with  many  other  metal 
ions.  SPADES  is  quite  sensitive  and  has  a  lesser  tendency 
of  colour  formation  with  elements  other  than  the  rare 
earths.  These  two  reagents  particularly  show  possibilities 
of  use  as  suitable  chroraogenic  reagents  for  the  lanthanoids. 
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